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A voice from behind me reminds me 
Spread out your wings you are an angel 
Remember to deliver with the speed of light 
A little bit of love and joy 
Everything you do bears a will 
And a why and a wherefore 
A little bit of love and joy 
In each and every soul lies a man 
And very soon he'll deceive and discover 
But even to the end of his life 
He'll bring a little love 
 
-Freddie Mercury, 1973-
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INTRODUCTION 
Total hip arthroplasty (THA) is one of the most successful medical 
procedures. The clinical results are very satisfying with restoration of hip 
function and relieve of pain symptoms associated with osteoarthritis of the 
hip25,27,47. In addition, total hip arthroplasty is a cost-effective procedure in 
comparison to non-surgical treatment of patients with advanced hip 
arthritis28,43. However, the high success-rate has created its own nemesis. The 
success of THA and the increasing possibilities in hip surgery have led to an 
extension of the indications for THA. Sir John Charnley placed the first THA in 
elderly patients with severe osteoarthritis, whereas now the indications for 
THA have largely expanded. Also hips with severe bone defects in young 
patients with childhood hip disease9,11,32,38,41 or rheumatoid arthritis29,57,58 are 
indicated for THA in current orthopedic surgery. 
Unfortunately, the survival of hip prostheses is not unlimited. The main 
reason for loosening of hip implants is aseptic loosening27. Wear particles 
from materials used in hip arthroplasty can induce a granulomateous 
inflammation process, which will lead to resorption of bone around the 
prostheses and in the end to loosening of the implant4. Other factors that 
may induce prosthetic loosening include infection, fractures or implant-related 
problems27. Loosening of hip implants necessitates revision surgery. A 
growing number of hip revisions will be needed in the near future. A major 
problem in revision surgery is the loss of bone stock encountered at revision 
due to the loosening process and procedures to remove the failed implants.  
In difficult primary reconstructions and revision surgery of failed THA the key 
problem is how to deal with the bone defects. Both on the acetabular and on 
the femoral side numerous techniques have been described. The aim is to 
obtain a stable implant fixation on the short and long term and to restore 
normal hip biomechanics and anatomy. The bone impaction grafting 
technique20,56 offers a biological repair of the bone defects. It has been used 
in clinical practice on the acetabular side since 1979 and on the femoral side 
since 1987 with good clinical results3,5,13,15,20,49,52,53,59. Bone impaction grafting 
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has also been used in the reconstruction of femoral bone defects in revision 
total knee arthroplasty35 with good short-term clinical results. 
 
BONE DEFECTS OF THE ACETABULUM 
The type of technique used for acetabular reconstruction depends on the type 
of bone defect present. Several classifications for bone loss are presented in 
literature. The classification of the American Academy of Orthopaedic 
Surgeons (AAOS) is used most frequently and describes the type of defect 
adequately10. It divides cavitary, segmental and combined defect and defects 
with pelvic discontinuity or arthrodesis.  
Several reconstruction techniques have been described. Cementless cups45,55 
require the presence of an intact rim of the acetabulum. They can be used in 
cavitary defects, in which the liner can be well fixed. In the reconstruction of 
larger cavitary defects or segmental defects, cementless jumbo cups (>64 
mm)30 or modified cup shapes6,7 are used. Cemented cup placement can be 
used in cavitary defects as an alternative for cementless cups. Clinical results 
of modern cementing procedures do not differ from cementless 
reconstructions27. Excessive use of cement should be avoided, as it is 
associated with inferior results48. However, in patients with a short life 
expectancy it can be a safe and quick reconstruction method.  
Reconstruction of combined defects often requires a combination with bone 
grafting. Structural allografts are fixated within the acetabulum to provide 
sufficient bone support and restore bone stock18,21,23,33. Reaming a new 
socket within the graft-host junction creates a neo-acetabulum. Most studies 
with a graft coverage of less than 40% report good clinical results at 5 to 10 
years follow-up18,21,33. Graft coverage of more than 40% in the neo-
acetabulum proved to be associated with inferior clinical results54 and should 
be avoided. However, the incorporation process of structural grafts is limited. 
Resorption of the necrotic graft may lead to failure of the acetabular 
component on the long-term17,54. High radiological loosening rates up to 25% 
are described in mid-term follow-up. 
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In cases with extended cavitary or combined defects bone impaction grafting 
can be used in combination with a cemented cup. Based on the experience of 
Hastings and Parker24 and McCollum et al.37, Slooff et al.56 started to use a 
bone impaction grafting technique to restore bone defects in patients with 
acetabular protrusion in 1979. The aim of this technique was to restore bone 
defects at the anatomical hip center with tightly impacted morsellized bone 
chips in combination with a cemented cup (Figure 1). Biomechanical studies 
showed that adequate initial cup stability can be obtained, although early 
migration rates are higher in comparison to other reconstruction 
techniques31,42. However, as long as the migration was not excessive this 
seemed not to interfere with a good clinical outcome. Migration in the first 
postoperative year was attributed to additional impaction of the bone grafts.  
 
 
Figure 1: Bone impaction grafting of the acetabulum. Segmental defects are reconstructed 
with a metal wire mesh to contain the defect. Trabecular bone grafts are inserted into the 
defect and firmly impacted using metal impactors and a hammer. A cemented cup is placed 
after reconstruction of the defect (adapted from Schreurs et al. Ned Tijdschr Geneeskd 2001: 
145; 1008-12). 
 
After surgery, the impacted bone grafts are revascularized from the host bone 
and osteoprogenitor cells will penetrate the grafts. Resorption of graft 
remnants by osteoclasts and bone apposition by osteoblasts will reconstruct 
the bone defect biologically. Incorporation of the cancellous bone grafts was 
reported both in animal studies50 and in human retrieval biopsies12. 
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Incorporation was reported without gradual weakening of the graft by 
resorption50, resulting in a stable reconstruction on the long-term. However, 
the technique is demanding and modifications of the original technique are 
suggested in order to facilitate and shorten the procedure. It remains unclear 
if these modifications will interfere with the clinical results on the long term. 
Problems in the worldwide availability of human bone and the risk of virus 
transfer when using allogeneic materials necessitate the introduction of 
biomaterials as an alternative for human bone. Tricalciumphosphate-based 
materials are widely used in current orthopedic practice and may be an 
attractive alternative for human bone in the near future. 
In severe segmental or combined defects or in defects with pelvic 
discontinuity, bulk allografts or acetabular cages with cemented or cementless 
cups are the method of choice. It remains unclear if the tightly impacted bone 
grafts can provide sufficient support in these cases. 
 
BONE DEFECTS OF THE FEMUR 
The goals in femoral reconstructions are to obtain a stable fixation of the 
implant for the long-term success of the stem and to maintain femoral 
integrity and bone stock. Similar to acetabular reconstructions, femoral 
reconstruction depends on the type of bone defect present. Also on the 
femoral side numerous classifications are presented in literature. Pak et al.44 
described a basic classification system, which discriminates femoral defects 
with an intact calcar region, defects with an absent calcar but some of the 
proximal femoral support is present and defects with extensive metaphyseal 
and diaphyseal bone loss. 
In femora with minimal metaphyseal damage no bone grafting is required. 
Revisions can be performed with primary cementless stems with a proximal 
coating2,26, an extensively porous40, a hydroxyapatite coating19 or with a 
cemented stem27. In cases with more cancellous bone stock loss a modular 
stem can be used8 or bone impaction grafting is indicated to reconstruct the 
intramedullary bone stock loss.  
Chapter 1: Introduction and aims.
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Figure 2: Bone impaction grafting of the femur. A bone plug is introduced into the femoral 
canal with a central rod attached to the plug. Trabecular bone grafts are introduced into the 
femoral canal and firmly impacted with metal impactors sliding of the central rod. Proximal 
impaction is done using a stem phantom. The canal is retrogradely filled with bone cement, 
followed by placement of the femoral stem (adapted from Figures of the X-Change revision 
instruments system for femoral revision). 
 
Based on the good clinical results on the acetabular side, the bone impaction 
grafting technique was modified for use in femoral reconstructions20,51 (Figure 
2). If cortical wall thinning or defects are present the bone impaction grafting 
method can be used in combination with a metal mesh20 or with a cortical 
strut onlay graft16. However, especially in cases with combined defects some 
authors report a high incidence of complications associated with bone 
impaction grafting. Most frequently reported complications include high 
subsidence rates and peri-prosthetic fractures14,36,46. In cases of severe bone 
stock loss of the proximal femur with extensive metaphyseal damage the 
bone impaction grafting method can be used in combination with cemented 
long-stem implants to bypass the weak spots in the femur20. In contrast to 
the acetabular side, the incorporation process of the bone grafts in femoral 
reconstructions was unpredictable and incomplete in many cases34,39. Even in 
well-functioning patients non-incorporated graft remnants were seen34.  
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In cases of a deficient proximal femur when an adequate containment of the 
femur is difficult to obtain, modular stem designs or proximal allografting with 
cemented or distally coated stems1,22 with or without further bone grafting 
are the method of choice. 
 
STRUCTURE AND AIMS OF THIS THESIS 
The clinical success of total hip arthroplasty has induced an enormous 
increase in the number of THA’s performed and in an expanded indication for 
primary arthroplasty. This will lead to an increase in the number of revisions 
in the near future. A major concern will be how to manage the bone defects 
encountered in primary and revision hip surgery. The bone impaction grafting 
technique was introduced to restore bone deficiencies on the acetabular 
side56 and femoral side20. However, the selection of the chosen technique or 
implant remains surgeon dependent. There is no evidence that one approach 
in current orthopedics is superior to another. Most surgeons tend to select 
one technique or one implant and will reserve alternatives for special 
circumstances. In this perspective we try to indicate the role of the bone 
impaction grafting technique in the management of bone defects in hip 
arthroplasty. 
 
The aims of this thesis are: 
1. To report the clinical and radiological results of patients treated 
with bone impaction grafting to indicate the true value of the 
technique in the restoration of acetabular bone defects.  
 
 
2. To develop an artificial preclinical acetabular test model and to 
evaluate factors that influence cup stability in an attempt to 
facilitate the procedure without compromising the clinical 
outcome on the long-term. 
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3. To mechanically test synthetic biomaterial particles as an 
alternative for human bone grafts in bone impaction grafting. 
 
 
4. To understand the high rate of complications reported in clinical 
papers with bone impaction grafting on the femoral side from a 
biomechanical and histological view. 
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ABSTRACT 
We evaluated the results of 27 acetabular reconstructions with impacted 
morsellized bone grafts in combination with a cemented cup to reconstruct 
combined bone defects in patients with secondary osteoarthritis due to 
congenital dysplasia of the hip. At an average follow-up of 7 years and 7 
months, two hips were revised. One hip was revised for sciatic nerve 
problems, the other hip for aseptic loosening at 12 years follow-up. The 
cumulative survival was 96.3% both at 5 years and 10 years interval. 
Additionally, two hips (7.7 %) showed stable radiolucent lines in zone III 
without migration of the cup. The bone impaction grafting technique is a safe 
and attractive method to restore bone deficiencies in dysplastic hips. 
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INTRODUCTION 
Congenital dysplasia of the hip (CDH) is a relatively common problem. An 
early recognition of CDH and an adequate treatment can reduce the amount 
of long-term problems associated with this disease. Secondary arthrosis is an 
end stage of CDH and can only be treated adequately with joint replacement. 
However, Charnley already pointed out that total hip arthroplasty in patients 
with CDH is difficult due to acetabular and femoral dysplasia, limb-length 
inequality, soft tissue contractures and muscle atrophy and he initially 
discouraged this procedure in CDH patients1.  
The main problem in joint replacement in CDH patients is how to restore the 
normal anatomy and obtain a stable fixation of the prosthetic components. A 
variety of surgical techniques have been suggested. Acetabular reinforcement 
rings were used with satisfactory mid-term clinical results2-5, although Jain et 
al.6 reported a continuous functional disability in the first three years after the 
procedure. Custom-made prostheses were suggested to restore acetabular 
defects7. Disadvantages of reinforcement rings and modified cups are that 
they do not restore the bone deficiencies itself and are expensive. Therefore, 
they should only be used in complex reconstructions with massive bone stock 
loss8. 
The restoration of bone stock allows for a revision of the implants in the 
future, which to our opinion is very important as in most CDH studies a 
relatively young patient population is reported. The use of bone grafts to 
restore the normal anatomy seems biologically more attractive and 
conventional implants can be used. Two types of bone grafts can be used to 
restore acetabular bone deficiencies as seen CDH patients.  
Harris et al.9 introduced the use of solid, structural bone grafts. These bone 
grafts consisted of large sized parts of the femoral head or neck, that were 
fixated with screws to the iliac bone. A neo-acetabulum was created with an 
acetabular reamer. Many studies have shown good clinical results with solid 
bone grafts in primary and revision reconstructions in CDH patients10-17.  
Based on the experience of Hastings and Parker18 and McCollum et al.19, 
Slooff et al.20 started to use a modified bone grafting technique with impacted 
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morsellized bone chips and cemented cups. Long-term clinical results for 
primary reconstructions and revision surgery with the bone impaction grafting 
technique were very satisfying21-24. However, the technique is demanding and 
results seemed to depend on the severity of the acetabular defects. Knight et 
al. reported a higher rate of cup loosening when combined acetabular defects 
were treated in comparison to cavitary defects alone25.  
The bone grafts will be revascularised from the host bone and 
osteoprogenitor cells can penetrate the grafts, which may result in 
consolidation of the bone grafts to the host bone26,27. However, the 
incorporation process of large solid bone grafts is unpredictable and may 
result in final resorption of the graft. This would lead to loosening of the 
acetabular component on the long term28,29. 
This study was performed to determine the results of reconstructing 
combined acetabular defects in patients with secondary arthrosis due to CDH 
with the bone impaction grafting technique. Twenty-seven hips in twenty-one 
patients who underwent a total hip arthroplasty were evaluated 
retrospectively with an average follow-up of 91 months. 
 
PATIENTS AND METHODS 
Between January 1984 and November 1995, in 28 hips of 22 patients a 
reconstruction of the acetabulum was performed with impacted morsellized 
bone grafts in combination with a cemented cup. Peripheral segmental bone 
defects were reconstructed with a metal mesh to support the cup 
superolaterally. In all cases the indications for surgery were pain and 
progressive functional disability. At review in November 2000, 27 hips in 21 
patients were available for study at a minimal follow-up of 5 years (Table 1). 
One patient had died before the fifth postoperative year. At time of death no 
reoperation was performed. 
There were 20 females and 1 male, 6 patients had a bilateral operation. 
Twelve hips were left and 15 hips were right. Fourteen hips had previous 
operations. The average age at the operation was 49 years (26-74). After 
surgery 20 patients were reviewed in our clinic, 1 patient was reviewed by an 
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orthopaedic surgeon in another clinic. The Harris Hip Score30 (HHS) was used 
for clinical evaluation. A preoperative HHS was available for 14 patients. The 
HHS in all other patients was calculated from the patients’ record at review.  
Radiological follow-up was complete for 26 hips and incomplete for 1 hip. 
Anteroposterior and lateral views were assessed by three authors (JM, BWS, 
JWMG) who made a consensus opinion. According to the Crowe Rating31, the 
degree of dislocation was stage I in 6 hips, stage II in 8 hips, stage III in 9 
hips and stage IV in 4 hips. According to the Eftekhar classification32, the 
degree of dislocation was stage A in 8 hips, stage B in 12 hips and stage C in 
7 hips. Acetabular defects were determined from the preoperative 
radiographs and the operation record. The bone deficiencies were combined 
cavitary and segmental defects in all cases, type 3 defects according to the 
AAOS classification33.  
The radiographs at latest review were compared to the direct postoperative 
views and periodically after 6 months, 1 year, 5 years and 10 years follow-up 
if present. Radiolucency was scored in three zones according to DeLee and 
Charnley34 and was regarded as positive if a radiolucent line of more than 2 
mm was visible. Migration of the cup was estimated relative to the 
interteardrop line. 
 
Table 1: Details of the 28 consecutive arthroplasties. 
 Arthroplasties Patients  
Performed from 1984 to 1995    28    22 No patients lost to FU 
Available over 5 years follow-up    27    21 1 died within 5 years  
(no reoperation) 
Revisions at 91 months FU     2     2 1 sciatic nerve release, 
1 aseptic loosening 
(12 y) 
Cup survival  5 years: 96% 
10 years: 96% 
 2 hips (7.7%) with 
stable radiolucent lines 
in zone III 
 
Clinical failure was defined as need for revision of the acetabular cup for any 
reason. Radiological failure was migration of 5 mm or more in any direction or 
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progressive radiolucent lines in all three zones. A Kaplan-Meier survival 
analysis was used to calculate the cumulative survival of the cups at 5 years 
and 10 years. 
 
OPERATIVE TECHNIQUE 
The posterolateral approach was used in all patients. The acetabulum was 
prepared carefully and reamed until a bleeding subchondral bone bed was 
visible. The acetabular floor and walls were examined for any medial or 
peripheral segmental defects. A metal mesh was used to reconstruct 
peripheral segmental defects in 23 hips and was used as reinforcement of the 
medial wall in 7 hips. In this way the acetabular cavity was contained. Bone 
grafts were morsellized with a rongeur from autologous femoral heads in 25 
hips and from autologous spongious bone from the iliac crest in 1 hip. In 1 
hip combined autografts and allografts were used. The anatomy of the hip 
was reconstructed by creating a new socket at the level of the transverse 
ligament. In 8 cases a higher hip center was accepted. The entire socket was 
filled with a substantial layer of graft with a thickness of at least 5 mm. At the 
periphery more grafts were needed than centrally. The bone grafts were 
impacted with several sizes of impactors, starting with the largest possible 
size and ending with the most suitable cup size. Pressure on the grafts layer 
was maintained while preparing the bone cement (Genta-Palacos, Merck, 
Darmstadt, Germany). After inserting and pressurizing the bone cement, the 
cup was placed and held in position with a pusher until the cement had 
polymerised. We used a Charnley Elite cup in 16 hips (DePuy International, 
Leeds, England), a Mueller cup in 9 hips, an Allo Pro cup in 1 hip and a Protec 
cup in 1 hip (Sulzer Orthopaedics Ltd, Winterthur, Switzerland). 
Postoperative management included systemic antibiotics for 5 days, 
indomethacin for 5 days as prophylaxis against heterotopic ossification and 
anticoagulation for 3 months. Passive movement was started at 24 hours. 
Walking with partial weight bearing was started at 3 weeks (6 hips) or 6 
weeks (21 hips) depending on the size of the grafts layer and full weight 
bearing after three months. 
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RESULTS 
The average follow-up was 91 months (60-182). At review 2 patients had died 
at 6 years and 10 years follow-up, respectively. Both patients did not have a 
reoperation and the cause of death was not related to the hip surgery. They 
were followed up in detail and their data were included.  
The HHS increased in all patients after surgery. The average HHS significantly 
increased from 37 (9-72) preoperatively to 94 (70-100) at follow-up (p<0.01 
in a paired t-test). At review no patient had severe pain. Four patients had a 
slight limp and four patients a moderate limp. Two patients needed support 
for walking. The walking distance increased in all patients. The average total 
range of motion was above 200 degrees. 
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Figure 1: Cumulative survival of the cups calculated according to the Kaplan-Meier 
survivorship analysis. 
 
At final review two hips (7.7%) were revised. One hip was revised because of 
sciatic nerve problems. At reconstruction a distal center of rotation was 
created. After 27 months a reoperation was performed. The cup was stable at 
reoperation, but had to be displaced cranially for 2.5 cm in order to release 
the sciatic nerve. One hip was revised after 12 years follow-up due to aseptic 
loosening of the cup. There were no other reoperations and none of the 
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stems were revised. The probability of survival of the cups was 96.3% both at 
5 years and 10 years interval (Fig. 1).  
Excluding the revision after 27 months, 26 hips were available for radiological 
follow-up. A stable radiological appearance with uniform and homogeneous 
density of graft and host bone was found in 23 hips (Fig. 2). In 3 hips 
radiolucent lines were visible in zone III. The radiolucent lines were visible 
within two years and remained unchanged in the follow-up in two hips. In one 
hip the radiolucency was progressive. This led to a revision of the acetabular 
component for aseptic loosening after 12 years of follow-up (Fig. 3). Migration 
of more than 5 mm was recorded in the only revision in this study. All other 
cups were stable. 
 
 
A  B  C  D  
Figure 2: Radiographs of a left hip. Preoperatively the hip was graded as Crowe II and 
Eftekhar A (A), which was reconstructed with a lateral mesh to support the peripheral 
segmental defect.(B). Five-year (C) and 9-year (D) follow-up views show a stable radiological 
appearance without signs of loosening of the cup. 
 
A  B  C  D  
Figure 3: Radiographs of a left hip showing failure of the reconstruction. Note the absence of 
a lateral mesh. Preoperatively the hip was graded as Crowe I and Eftekhar A (A), which was 
reconstructed without peripheral reinforcement (B). Within the first year after reconstruction 
a radiolucent line is seen (C) with loosening and migration of the cup after twelve years 
follow-up (D). 
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A high center of rotation was found in eight hips. Preoperatively, the hips with 
a high center of rotation were graded as Crowe II: 1 hip, Crowe III: 5 hips 
and Crowe IV: 2 hips. The average total range of motion was 213 degrees in 
these hips (200-220). Heterotopic ossification was recorded in 8 hips. Three 
hips were classified as stage 1, 4 hips as stage 2 and 1 hip as stage 3 
according to the classification of Brooker35. None of these patients had 
complaints. The average range of motion was 185 degrees (125-220). Four 
patients with heterotopic ossification showed a slight (3 hips) or moderate (1 
hip) limp. Wear of the cups was seen in 3 hips, measuring 3 mm each. 
 
DISCUSSION 
The restoration of acetabular bone deficiencies is a major challenge in current 
total hip arthroplasty. Many reconstruction techniques have been suggested. 
The bone impaction grafting technique was successful in the restoration of 
acetabular bone deficiencies in primary and revision hip arthroplasty20-24. In 
this study the results of reconstructing bone deficiencies due to congenital 
dysplasia of the hip with the bone impaction grafting technique were 
evaluated at an average follow-up period of 91 months. 
Reconstructing dysplastic hips with structural grafts in combination with 
cemented or uncemented cups was reported by several authors with variable 
results9-17,31,36-45. Although Inao et al.43 suggested that the use of healthy 
bone from the femoral neck would be better than using the degenerative 
femoral head as source of bone graft, many authors have shown good results 
with femoral head autografts10-14,16,17,36-41. Gross et al.11 recommended the 
use of femoral head autografts in combination with uncemented cups. The 
results after acetabular reconstruction with structural bone grafts in CDH 
patients worsened with an increasing degree of dislocation preoperatively39,45 
and with an increasing coverage of the acetabular component by the 
graft42,44. Especially the graft coverage seemed to determine the long-term 
results. Problems with fixation of the socket were reported when the 
proportion of the socket covered by the graft was more than 40%42,44. Most 
studies with a graft coverage of less than 40% report good clinical results and 
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radiological loosening rates of about 10 to 25 percent at minimal follow-up of 
5 to 10 years10-17,39-41. 
The placement of the acetabular cup has been the source of considerable 
debate. In order to ensure that less than 40% is covered by the graft, the 
socket should be reconstructed more medially or proximally and with an 
increased angle of abduction43. However, an anatomic reconstruction in the 
true acetabulum is recommended whenever possible36,37,39. One of the goals 
of the bone impaction grafting technique is to reconstruct the socket at the 
anatomic location of the acetabulum46. In theory this would repair hip 
mechanics better in comparison to a high center of rotation47. In this study 8 
of the 27 hips showed a high center of rotation after reconstruction. These 
hips showed an average total range of motion comparable to the other hips. 
A high center of rotation results in increased hip joint forces48 and some 
authors report an increased rate of loosening in hips reconstructed at a high 
center of rotation36,37. In this study there was no failure due to loosening of 
the cup in the group reconstructed with a high center of rotation. This 
corresponds with findings of Rusotti and Harris38 who concluded that a high 
center of rotation is not necessarily associated with an earlier failure of the 
implant, although the group with a high center of rotation in this study was 
small.  
The need to reconstruct the socket a high center of rotation was dependent 
on the degree of dislocation. Seven of the 8 hips with a high center of 
rotation were graded as Crowe III or IV. If a severe dislocated dysplastic hip 
is reconstructed at the anatomic position, this may lead to overstretching of 
soft tissue components and the sciatic nerve due to the leg lengthening. In 
this study one cup was revised because of sciatic nerve problems at 27 
months follow-up. This hip was graded as Crowe III preoperatively and the 
socket was reconstructed at the anatomic location. This led to overstretching 
symptoms and the cup needed to be displaced cranially for 2.5 cm in order to 
release the sciatic nerve. 
The advantage of using bone grafts instead of acetabular reinforcement rings 
or custom-made prostheses is that the bone deficiency itself can be 
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reconstructed. However, complete incorporation of large structural grafts will 
not occur, which may lead to loosening on the long term28,29. A remarkable 
increase in radiological loosening rates was reported in some studies after 
long-term follow-up of structural bone graft reconstructions of the socket13,17, 
although this is not always the case15. In contrast, complete revascularisation 
and incorporation of morsellized bone grafts was reported both in animal 
studies49 and in retrieval biopsies26,27. 
The cumulative survival of the cups at 5 years and 10 years follow-up was 
96.3% in this study. Additionally, two hips (7.7%) showed radiolucent lines in 
one zone on radiographic follow-up without progression and without 
migration of the cup. Radiolucency in a third hip was progressive and led to 
the only revision for aseptic loosening in this study at 12 years follow-up. 
These results are similar to results from our clinic in which the bone impaction 
grafting technique was used in primary and revision arthroplasty22-24. The 
results are in agreement with mid-term results from reconstructions with 
structural bone grafts10-15.  
A relatively high number of hips with a limited degree of dislocation were 
included. Several studies showed that Crowe I graded hips were not 
significantly more difficult to reconstruct than routine total hip 
arthroplasties39,40. If the Crowe I graded hips were to be excluded from this 
study, the cumulative cup survival would be 95.2%. None of the cups would 
have been revised for aseptic loosening. 
We believe that the restoration of bone stock is important in offering a good 
solution to the difficult problem of the dysplastic hip. It allows for a revision of 
the implants in the future, which is essential as in most studies a relatively 
young patient population is reported. In this study, there was a low number 
of complications and radiographic follow-up showed indications for 
incorporation of the grafts with few lytic signs. Based on the satisfying clinical 
results and our experience with this technique, we concluded that the bone 
impaction grafting technique is a safe and biologically attractive alternative to 
structural bone grafting in order to restore bone deficiencies in the 
acetabulum caused by congenital dysplasia of the hip. 
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ABSTRACT 
To reconstruct acetabular bone stock loss in revision hip surgery, from 1979 
on we have used a biologic reconstruction method with tightly impacted 
morsellised cancellous allografts in combination with a cemented polyethylene 
cup. This study presents the clinical and radiological results of 62 consecutive 
acetabular revisions in 58 patients at a mean of 16.5 years (15-20 years) 
followup. The Kaplan-Meier survivorship for the cup with end-point revisions 
for any reason was 79 % at fifteen years followup (95 % C.I.: 67-91%). 
Excluding two revisions for septic loosening at 3 and 6 years and one revision 
of a well-fixed cup after 12 years during a femoral revision the survivorship 
with end point aseptic loosening was 84 % at fifteen years years (95% C.I.: 
73-95%). At review there were no additional radiological loosenings, although 
7 acetabular reconstructions showed radiolucent lines in one or two zones. 
This acetabular bone impaction technique using large morsellised bone chips 
(range 0.7-1.0 cm) and a cemented cup is a reliable reconstruction technique, 
even after a 15-20 years followup. 
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INTRODUCTION 
The problem in revision surgery of failed total hips is the loss of bone stock 
caused by the loosening process. This bone stock loss is impaired by 
procedures to remove the prostheses and the cement. Bone loss compromises 
the outcome in revision total hip arthroplasty.  
There are many strategies to reconstruct the acetabulum in patients with 
implant failure and periprosthetic loss of bone. Unfortunately, the long-term 
results of most acetabular revisions techniques remain unclear and only few 
reports are available on the outcome of acetabular revisions at a minimum 10 
years follow-up.1,2,3,4  
From a biological view the reconstruction of the bone stock with bone grafts 
is an attractive option. Based on the experience of Hastings and Parker5 and 
McCollum, Nunley and Harrelson6 in hips with protrusio acetabuli, we started 
to use a modified bone grafting technique for acetabular revisions in 1979, 
using tightly impacted morsellised bone chips and cemented cups.  
We previously reported the outcome of this impaction bone grafting technique 
in 60 acetabular revisions at a follow-up of 10-15 years.7 Especially in the field 
of hip arthroplasty long-term followup is essential to prove a real clinical 
benefit from a certain implant or technique. Now we report the outcome of 
this technique at 15 to 20 years of follow-up, which to our knowledge is the 
longest follow-up study of acetabular revisions ever reported. 
 
PATIENTS AND METHODS 
From January 1979 to March 1986 62 acetabular revisions were performed 
using impacted morsellised bone grafts and a cemented cup in 58 patients 
with failed hip prostheses. The revisions were performed by a four surgeons, 
although one of us (TJJHS) operated on 50% of all patients. At review one 
patient was lost to follow-up, so 57 patients with 61 hips were available. The 
revision surgery was performed after 43 cemented and 6 uncemented total 
hip arthroplasties, 9 Wagner double cup resurfacing arthroplasties and 3 
failed femoral prostheses. The primary diagnosis had been primary 
osteoarthritis in 28 hips, secondary osteoarthritis in 29 hips (mainly childhood 
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diseases) and rheumatoid arthritis in 4 hips. The indication for revision was 
aseptic loosening in 57 hips and septic loosening in 4 hips. Two patients had 
had previous revisions, once and twice respectively.  
There were 13 men and 44 women with a mean age at surgery of 59.1 years 
(23 to 82 years). Thirty-six procedures were left-sided and 25 were on the 
right side. 
 
Table 1: Overview of 62 consecutive acetabular revisions with bone impaction grafting and a 
cemented cup 
 Hips    Patients 
Acetabular revisions in period 1979-1986 62      58 
Lost to follow-up 1       1 
Available 61      57 
Died without revision 21      20 
Re-revision during follow-up 11      10 
Septic loosening 2    at 3 and 6 yrs 
Aseptic loosening 7    at 6, 9, 11, 12, 13, 14, 14 yrs 
Mismatch during femoral revision 1    at 12 yrs 
Wear 1    at 17 yrs 
Radiological loosening during follow-up who 
were not revised 
3    all died, at 7, 11 and 13 yrs 
   with mild complaints 
Survival at 15 yrs with endpoint rerevision for any 
reason 
   79% (95% CI: 67-91%) 
Survival at 15 yrs with endpoint rerevision for aseptic 
loosening 
   84% (95% CI: 73-95%) 
 
Surgical technique 
The posterolateral approach was used in all patients, a trochanteric 
osteotomy was only used in 2 hips. After removal of the component, interface 
samples were sent for frozen sections. A two-stage revision was done in 4 
hips with a proven septic loosening and in 7 hips in which the frozen section 
suggested an infection but in which the cultures proved to be negative.  
In nine early cases we used autografts obtained from the posterior iliac crest 
for bone defect reconstruction. Later, auto- and allografts were combined in 
16 hips and allografts alone were used in 36 hips. All allografts were fresh-
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frozen femoral heads from the bone bank, the number of heads used for 
reconstruction varied from 1 to 3 heads. The grafts were morsellised during 
the operation by hand with a rongeur, producing chips of about 0.7 to 1 cm.  
Segmental defects in the medial wall of the acetabulum were closed with a 
slice of corticocancellous bone or a metal mesh. After closing the segmental 
defects, the acetabulum is contained and becomes a cavitary defect. The 
sclerotic acetabular wall subsequently is revitalized with multiple small drill 
holes (2-3 mm in diameter) to enhance better surface contact and to facilitate 
revascularization of the graft. The chips were then impacted with socket trial 
prostheses. The last trial prosthesis used was at least 2 mm oversized for the 
proposed cup diameter to create a cement mantle of sufficient thickness. The 
original centre of rotation was reconstructed by impaction at the level of the 
transverse ligament. In 54 hips, the graft was covered with a thin vitallium 
wire mesh and a 32 mm polyethylene cup (Sulzer, Wintherthur, Switzerland) 
was cemented using antibiotic-loaded bone cement (Palacos with gentamycin, 
Merck, Darmstadt, Germany). 
Postoperative management included systemic antibiotics for five days, 
anticoagulation for three months and indomethacin for seven days as 
prophylaxis against heterotopic ossification. Passive movement was started 
after 24 hours, walking with partial weight bearing at six weeks and full 
weight bearing after three months. 
 
Clinical data and follow-up 
At review in April 2001 seventeen patients (18 hips) died before the 15th 
postoperative year. Nearly all patients were followed in detail on an annual 
base and their data were included. None had a rerevision and death was not 
related to surgery. One patient who was lost in the previous review could be 
traced now using modern computer techniques and clinical data are included 
in this update. Thirty-three hips (31 patients) were still functioning at a 
minimal followup of 15 and a maximal followup of 20 years. All these patients 
were seen for review. Seven patients were interviewed by telephone and 3 
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patients (4 hips) were reviewed by orthopedic surgeons in other clinics. The 
Harris Hip Score was used for clinical evaluation.  
 
Radiological follow up 
Radiological follow-up was complete for 50 hips, incomplete in 10 hips and 
missing in one hip. Of the 33 reconstructions that were still functioning after a 
minimal followup of 15 years complete radiological data were available in 27. 
Anteroposterior views of the pelvis were assessed by three authors (SBTB, 
BWS, TJJS) who made a consensus opinion. Acetabular defects were assessed 
from pre-operative and the first post-operative radiographs and the operation 
record according to the AAOS classification.8 There were 38 cavitary and 23 
combined cavitary and segmental defects (10 central and 13 peripheral 
defects). The radiographs at latest review were compared with periodical 
views direct postoperatively, at 1 year, 5 years, 10 years and 15 years follow-
up if present. Radiolucency was scored in the three zones of DeLee and 
Charnley 9, regarding a line of more than 2 mm as positive. Migration of the 
cup was estimated in relation to the interteardrop line.10   
 
Definition of failure 
Clinical failure was defined as the need for revision of the acetabular 
component for any reason; radiological failure of the reconstruction as 
migration of more than 5 mm in any direction or progressive radiolucent lines 
in all three zones on conventional radiograms. 
 
Statistical analysis 
For statistical analyses we used a Kaplan-Meier survivorship analysis with end 
points a revision of the acetabular component for any reason or a revision of 
the acetabular component for aseptic loosening. 
 
RESULTS 
Clinical review 
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Three patients (3 hips) died after a minimum follow-up of 15 years at 15, 15 
and 17 years. None had a rerevision. The average Harris hip score of the 28 
patients with 30 acetabular reconstructions who were still living at an average 
of 16 years and 5 months (15-20 years after surgery) was 86 (50-100).  
 
Re-revisions 
Of the original group of 61 hips eleven hips were re-revised (Table 1). Two 
were rerevised for a culture proven septic loosening at three and six years 
after surgery. Seven cups were rerevised for aseptic loosening at 6, 9, 11, 12, 
13, 14 and 14 years. One cup was rerevised after 12 years during a femoral 
revision for aseptic loosening a because of a mismatch and hence 
unacceptable stability during surgery and one cup was rerevised for wear 
after 17 years in an otherwise well fixed cup. 
 
Radiological follow-up 
Most hips had a stable radiological appearance with uniform radiodensity of 
graft and host bone, even after 20 years of followup (Fig 1 and 2). In one hip, 
the acetabular component migrated 13 mm soon after the operation but then 
remained stable, and was not recorded as a radiological failure. 
Radiographically, the grafts seemed to be incorporated very well and the 
normal trabecular structure around the cups was seen in most cases within 
one year. Eight of the 9 hips that were revised for septic or aseptic loosening 
had a complete radiological loosening. Three other hips showed a radiological 
loosening at 7, 11 and 13 years after surgery according to the criteria, but 
were not re-operated because of the mild complaints. All died during follow-
up at 7, 13 and 14 years after surgery. None of the 27 cases of which the 
radiological files were available at a minimum of fifteen years and who were 
still functioning had a radiological loosening. Twenty-one of the 27 (78 %) 
had stable appearance. Six hips showed a radiological sign, two hips had a 
stable radiolucent line in zone I, one hip had a progressive line in zone I and 
4 had a progressive line in zone III. 
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A  B  C  
Figure 1: Pre-operative AP pelvis radiograph of a failed cemented cup which was inserted for 
secondary osteoarthritis after an acetabular fracture in a 53 years old man (A). A revision of 
both components was done in October 1982 with acetabular bone impaction grafting, two 
femoral heads were used. A metal mesh was used on top of the bone graft, however 
meshes on top of the graft are not used anymore (B). Twenty years after the 
reconstruction, there are no signs of acetabular loosening. Cup is stable with a radiological 
incorporation of the grafts. During this 20 years of followup this patient had two femoral 
revisions (C). 
 
A  B  C  
Figure 2: Pre-operative AP pelvis radiograph of a failed resurfacing prosthesis with protrusio 
in a 21 year old woman (A). Four months after the revision with impaction bone grafting 
and a cemented cup. Again a metal mesh was used on top of the bone graft, however 
meshes on top of the graft are not used anymore (B). Twenty-one year after the 
reconstruction the position of the cup is unchanged. There is starting osteolysis in zone 1, 
but overall the cup is well fixed in this very active woman who is at review 45 years old (C). 
 
Complications and other re-operations 
For the acetabular reconstruction no other re-operations were necessary. Two 
patients had dislocations after surgery, but this was treated conservatively. 
However nine hips were re-operated for other reasons during followup. Two 
were operated for superficial wound problems and a suspicion on infection. In 
one case heterotopic ossifications were removed and one had an exploration 
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of the sciatic nerve for entrapment. Three patients had femoral fractures 
during followup, two traumatic and one caused by a metastases. Three 
patients had during follow-up a revision of the femoral component without 
acetabular revision. 
 
Survival analysis 
Using the Kaplan Meier survival analyses at 10 years the survival of the cup 
with revision for any reason was 93% (95% C.I.: 86-100%), and the survival 
of the cup with endpoint an aseptic loosening was 96% (95% C.I.: 91-100%), 
see also Figure 3. At fifteen years these data were 79 % (95% C.I.: 67-91%) 
and 84% (95% C.I.: 73-95%).  
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Figure 3: Kaplan-Meier survival curve with endpoints a revision of the acetabular component 
for any reason or a revision of the acetabular component for aseptic loosening. 
 
DISCUSSION 
In our view bone defects at revision surgery must be treated biological using 
bone graft to reconstruct the skeleton. One should realize that all acetabular 
implants will fail in time. If the already damaged bone bed is not 
reconstructed by bone grafting techniques, the problems at a future revision 
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are even worse. This study evaluates the outcome of replacing the bone 
defect in acetabular revisions with tightly impacted bone grafts and a 
cemented cup. The survival of these cemented cups after a revision with this 
bone impaction technique is very satisfying, even after a follow-up at 15 to 20 
years. Both the radiological incorporation and the histological evidence of 
human biopsies tend to confirm that bone stock is restored to a situation 
which is as close to nature as possible.11 Besides, this method but uses 
conventional implants, as used in primary procedures which is cost-effective. 
We still use this technique unchanged. The only major modification we made 
during the years that we do not use a mesh on top of the graft, as this turned 
out to be useless. 
This study of 58 patients was presented before at a 10 to 15 years follow-up.7 
A new problem, which was encountered in this update, was that we were not 
able to get a complete radiological review, many patients are very old at the 
review. However, the clinical outcome of all cases is known, including all 
patients who died. Assessing the reliability of our study as suggested by 
Murray, Britton and Bulstrode12, the loss to follow-up quotient is 0.1, which is 
close to ideal. The worst-case survival scenario considering all lost to follow-
up hips as failure and including all acetabular revisions for any reason is 77 % 
at 15 years and 69 % at 20 years. In this update, we observed a deterioration 
of the results with more acetabular rerevisions. However, the failure 
mechanism of these reconstructions seems to be comparable with primary 
cemented cups, wear resulting in associated cup osteolysis is the long-term 
failure mechanism of these reconstructions. This is in most cases a slowly 
progressive process which does not result in extensive pelvic osteolysis. 
Although Conn13 has suggested radiological criteria for graft incorporation, it 
is difficult to interpret on radiograms if there is incorporation. Therefore, the 
incorporation process of impacted morsellised bone grafts was examined in 
animal experiments both in bone chamber models and in realistic acetabulum 
and femoral models.14,15,16,17 We also reviewed recently 25 human biopsy 
specimen taken from 24 acetabular reconstruction in 20 patients with a 
follow-up after surgery of 1-170 months.11 In general both in the animal 
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models and in the human biopsies a fast incorporation of the bone graft was 
observed. In time a nearly complete incorporation in many biopsy cases was 
seen. However, in the human biopsy study some cases showed areas of non-
incorporated graft, even after a long follow-up. In biopsies taken from 
reconstructions that were rerevised for aseptic loosening necroses of previous 
incorporated graft was seen, probably related to the loosening process.   
By using this bone impaction grafting technique and a cemented cup, we 
were able to reconstruct the bone stock loss, to reconstruct hip mechanics 
and cup stability was obtained. This favourable clinical result has been 
confirmed by other groups. The clinical outcome of revisions with the bone 
impaction grafting technique four year after reconstruction were comparable 
to the fourth-year scores after primary cemented hip arthroplasty.18 One may 
argue that the reconstructed defects in our group are rather limited, 37 of the 
62 cases had cavitary defects. However, the defects in those days were more 
limited. Up to now, the technique of bone impaction grafting on the 
acetabular side is the only reconstruction technique we use for all acetabular 
revisions.  Besides, the outcome of this technique in 70 revisions who all had 
a Paprosky grade 3A or 3B defect was recently reported.19 At a 5-9 year 
follow-up only one cup was rerevised, the survival rate for aseptic loosening 
was 98 %. 
The other type of bone graft which can be used in revision cases are 
structural allografts for which most frequent the femoral head is used. Larger 
structural bone allografts tend to have an incorporation that often is 
incomplete, even after a long period.20,21  This has also been observed when 
autogenous massive femoral heads grafts were used for acetabular 
reconstruction with cemented total hip arthroplasties; at a mean follow-up of 
11.8 years 20% had been revised.22 The same group reported a 16.5-years 
follow up study of relatively young patients (mean age 45 years) after both 
primary and revision THA using both bulk structural auto- and allografts, with 
a 36% revision rate for aseptic loosening.23 Marti, Schueller and van Steijn1 
also used larger superolateral autografts for deficient acetabuli both in 
primary and revision cemented total hip arthroplasties. At 10.1 years in 14 % 
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of the revision cases an acetabular re-revision was performed. However, 
some results of bulk allografts are more favorable. Kerboull presented a single 
surgeon study of 60 consecutive acetabular revisions in 53 patients in which 
the revision was performed by bulk allograft bone, a reinforcement acetabular 
device and a cemented cup.3 All had a type 3 or type 4 bone defect according 
to the AAOS classification. The survival rate for the acetabular component is 
92% at a mean followup of 10 years, which certainly is a good result in this 
group with extensive bone defects. 
Another option for acetabular revision is the cementless acetabular 
component. Although these are frequently used, long term reports with a 
minimum 10 years followup are scarce. Leopold et al reported on 138 cases 
of a noncemented cup revision in 131 patients at an average follow-up of 
11.5 years.2 The endpoint for acetabular cup revisions (14 of 130 hips) for 
any reason was 89%, but there were no cup revisions for aseptic loosening 
which is very promising. Considering all cups lost to follow-up as failures as 
suggested by Murray12, the worst case scenario including all acetabular 
revisions for any reason and cases lost to follow up the survival rate is 84 %. 
These data are comparable with our results at the same follow-up. Bone 
defects in both studies seems to be equal, but the patients in the 
noncemented group were younger (average 50 versus average 59 years). 
However, new problems were observed in the last review of this 
noncemented group, increasing pelvic osteolysis in 17 % of the hips and 
shedding of metal from the back of the metal shell. If this pelvic osteolysis is 
progressive, the outcome in the next years will be unfavorable. Templeton et 
al reported on 61 consecutive revisions performed in 55 patients by one 
surgeon, acetabular revision in all cases was performed by a porous-coated 
Harris-Galante component.4 At review none of the acetabular components 
required revision for aseptic loosening at a mean follow-up of 12.9 years, 
which is an excellent result. However, 9 of the 55 hips (16 %) underwent 
additional procedures on the acetabulum during a re-operation, including the 
indication for surgery for stem-associated problems. Pelvis osteolysis was 
observed in 13 % of the cases. In conclusion, despite the very low re-revision 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
44 
rate of the metal shell for aseptic loosening, pelvic osteolysis is the problem in 
these noncemented cups at the longer followup periods and the re-operation 
rate is high. 
The long-term results of acetabular impaction grafting with cement are 
satisfactory, but the technique certainly is very demanding. Impaction must 
be tight enough to create stability. In all cases we report the grafts were 
morsellised with a rongeur to create chips of a substantial size (7-10 mm). 
The use of bone mills is tempting, but most mills create bone chips of small 
dimensions. The initial cup stability after reconstructions with smaller chips is 
reduced. Even when using simple cavitary defects models, in axial loading 
experiments the stability of cemented cups in reconstructions with the smaller 
bone grafts (2-5 mm) were inferior to the reconstruction done with larger 
chips.24,25 This may be the explanation for the ongoing migration observed in 
7 out of 21 cups two years after surgery in a clinical radiostereo-
photogrammetric analysis.26 However, up to five year after surgery no cup 
was re-revised.18 Every effort should be made to prevent inclusion of cartilage 
remnants, these particles can interfere with mechanical characteristics27 , and 
can hamper bone incorporation because they will not incorporate into 
bone.11,28 The method of impaction is also important. We always used trial 
cups or special designed impactors in combination with a hammer. However, 
some surgeons use a modified impaction technique in which the bone grafts 
are impacted using an acetabular reamer in a reversed direction in 
combination with manual compression on the reamer.29 We compared the 
initial stability of cemented cup in a simple cavitary defect model, using the 
same sized bone bone chips both with the reversed reaming technique and 
the traditional method with impactors and a hammer. The reverse reaming 
technique resulted is a significant higher migration of the cups.25  A major 
concern is the reported use with bone processed in different ways, the 
mechanical and biological properties of e.g. freeze-dried or radiated bone may 
not be comparable with that of fresh-frozen grafts which we used. We only 
have major experience with this technique with fresh frozen allografts, bone 
processed in different ways can influence the outcome. We did not use 
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washing of the allograft prior to impaction, however washing of bone 
allografts prior to impaction may be attractive. In an animal model the 
incorporation of washed impacted allografts was superior to unwashed 
impacted allograft.17 
The role of the post-operative management is not clear. All patients we report 
had a strict protocol of bedrest for 6 weeks, but because of the high morbidity 
and the costs, we now mobilize most of our patients on crutches immediately 
after surgery. We keep them on crutches for 3 months. Recently, by using 
roentgenstereophotogrammatric analysis, it was shown that at least in 
cavitary defects there were no significant differences in migration pattern of 
the cups for loaded or restricted weight bearing.18 However, the period of 
immobilization or restricted weight bearing in more extensive cases should be 
adjusted in relation to the original extent of the destruction.  
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ABSTRACT 
We determined the effect of bone graft particle size and impaction technique 
on the initial stability of cemented acetabular cups. First, acetabular 
reconstructions were performed in human cadaveric pelvic bones in which 
type 2 AAOS cavitary defects were created. Reconstructions were made with 
small bone grafts (average 2 mm) produced by a bone mill or large bone 
grafts (average 9 mm) produced by hand with a rongeur. All chips were 
produced from freshly frozen femoral heads. Impaction was done using 
acetabular impactors and a hammer. We did a loading experiment with a 
gradually increasing dynamic load up to 3000 N. We used radiostereometric 
analysis (RSA) to determine cup stability. The cups were more stable when 
large bone grafts were used. Because of limitations of the cadaver model, we 
developed a synthetic acetabular model. For validation of this model, we 
repeated the experiments using small and large bone grafts. The results in 
both models were similar. In the synthetic model, we compared impaction 
with hammer and impactors with the reversed reaming technique using 
manual compression on the reamer. The latter method resulted in more 
migration. We recommend firm impaction with a hammer of large bone grafts 
for optimal stability of the cup. 
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INTRODUCTION 
Impaction bone grafting with morselized bone grafts and a cemented cup can 
restore bone defects on the acetabular side. The method is effective both in 
primary and revision surgery.2,14,15,16,23 These long-term reports are based on 
bone chips produced by hand with a rongeur. The latter method leads to 
relatively large bone chips, but is time-consuming and tedious. Therefore, 
bone mills were introduced. However, most bone mills produce bone chips 
with a considerably smaller particle size than those made with a rongeur. 
Little is known about factors affecting the acetabular cup stability obtained 
after bone impaction grafting in combination with cemented cup placement. A 
report, based on lever-out testing, suggests that impaction grafting with 
smaller chip size may reduce cup stability.19 However, the largest chip size 
used in that study was considerably smaller than chips, produced by hand 
with a rongeur. 
Traditionally, bone grafts were impacted using impactors and a mallet. 
However, some surgeons use a modified impaction technique in which the 
bone grafts are impacted using an acetabular reamer in a reversed direction 
in combination with manual compression on the reamer.13 It is not known 
whether impaction with the reversed reaming technique results in stability of 
the cup like that obtained using acetabular impactors and a metal hammer.  
The aims of this study were threefold. First, we studied whether the bone 
graft particle size obtained with impaction grafting and cemented cup 
placement affects the initial cup stability in a human cadaveric pelvic bone 
model. Our second aim was to develop a synthetic acetabular defect model 
and to compare it with human specimens. Our third aim was to use it to study 
the effects of the impaction technique on cup stability by comparing 
impaction with impactors and a metal hammer to the reversed reaming 
technique. 
 
MATERIAL AND METHODS 
Preparation of the morselized bone grafts 
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All grafts were produced from freshly-frozen human femoral heads, which 
were obtained from a bone bank. These heads were excluded from clinical 
use because of bacterial contamination. Heads were stored at -80°C, pending 
tests. The heads were sectioned longitudinally into two parts and prepared in 
two ways. From one part of the head, the cancellous bone was nibbled by 
hand, using a rongeur that produced large pure cancellous bone chips. To 
determine the particle size of the bone grafts, we measured 100 particles with 
a ruler and determined the largest distance possible. The average graft 
diameter was 9.1 mm (8.2 – 10.0 mm). From the second part of the femoral 
head, we removed the cartilage. Thereafter, it was milled with the smallest 
rasping blade of the Noviomagus bone mill (Spierings Medische Techniek, 
Nijmegen, The Netherlands), as is our practice in femoral revisions, using the 
bone graft impaction method. The chips therefore consisted of cortico-
cancellous bone. The average graft diameter was 2.1 mm (1.6 – 2.6 mm). In 
both groups bone grafts made from several femoral heads were mixed to 
form pools of graft material to minimize the effect of mechanical variation 
between them.  
 
Human cadaveric pelvic model 
Four freshly frozen pelvic bones were available. During harvesting all soft 
tissue was removed and the bones were stored at -80°C, pending tests. After 
thawing, the pelvis was potted in polymethylacrylate to facilitate both surgical 
handling and mechanical testing. Both acetabuli of the pelvic bones were 
over-reamed using a 58 or 60 mm acetabular reamer, depending on the size 
of the acetabulum. In the acetabulum thus prepared, a 38 mm reamer was 
used for additional overreaming, to simulate a standardized cavitary defect5 
bilaterally. Reconstructions in the pelvic bones were implanted as pairs. Two 
surgeons (BWS, JWMG), with experience in using the bone impaction grafting 
technique, did the reconstructions. Initially, the first surgeon operated on the 
left side and used large bone chips and on the right side with the small grafts. 
When re-using the pelvic bones, the second surgeon reconstructed the left 
side with small bone chips and the right side with the large bone grafts. 
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However, during the first mechanical testing 2 pelvic bones failed. Therefore, 
the first surgeon performed 8 reconstructions, while the second surgeon did 4 
(Table 1). Impaction grafting was performed using metal impactors with 
various sizes and a metal hammer (Stryker Howmedica X-Change acetabular 
impactors system). Defects were reconstructed layer by layer. The diameter 
of the final impactor was 50 mm, thereby creating sufficient space for the 
bone cement mantle around the cup. We inserted the bone cement (Surgical 
Simplex, Stryker Howmedica Osteonics, Limerick, Ireland) with a cement gun 
into the defect 4 minutes after adding the powder to the monomer. The 
cement was pressurized with an acetabular seal (65 mm pressurizer, DePuy 
International Ltd, Blackpool, England) and a pushing handle. A polyethylene 
cup with an outer diameter of 44 mm (Exeter RSA cup, Stryker Howmedica 
Osteonics, Newbury, UK) was inserted 6 minutes after mixing was started.  
 
Table 1: The groups tested.  
Group* Model Grafts Impaction Technique N 
Large I Human Pelvic Bone Large Firm Impaction 6 
Small I Human Pelvic Bone Small Firm Impaction 6 
Large I Artificial Model Large Firm Impaction 5 
Small I Artificial Model Small Firm Impaction 5 
Small R Artificial Model Small Reversed Reaming 5 
 
*I = Impaction using impactors and a mallet 
*R = Impaction using reversed reaming 
 
Dynamic loading of the reconstructions was performed with an MTS loading 
device (MTS Systems Corporation, Minneapolis, Minnesota, USA). We used 
radiostereometric analysis (RSA) to calculate translations and rotations. Eight 
spherical tantalum markers were attached to the cup. We inserted 3 clusters 
of 3 markers at standard locations in the iliac, ischial and pubic bones. The 
human cadaveric pelvic bones were placed underneath the MTS loading 
device with 45 degrees abduction and 0 degrees anteversion of the cup, so 
that the direction of the load displaced the cups superiorly and medially into 
the largest thickness of the grafts layer. Dynamic loading was applied with a 
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frequency of 1 Hz in four stages, beginning with 0 - 750 N with further staged 
increments of 750 N up to 0 – 3000 N at the last stage. Each stage lasted 900 
cycles. To permit elastic and time-dependent recoil of the grafts, we also 
studied the migration of the cups after unloading and 15 minutes after 
unloading. At the beginning and at the end of each load increment RSA 
exposures were made at a static load to measure cup migration. Migration of 
the gravitational center of the 8 tantalum cup markers was taken to represent 
the migration of the implant relative to the bone. We used the vectorial length 
of the translation in 3 directions. 
 
Artificial acetabulum model 
An artificial custom-made synthetic model was developed (Figures 1 and 2). 
Composite test blocks were produced by Sawbones. The cylindrical test blocks 
had an outer cortical layer of 3 mm thickness and an inner spongious part of 
68 mm in diameter. A standard large cell rigid polyurethane foam with a 
porosity of 22-23% simulated the trabecular bone. The cells of the foam had 
a diameter ranging between 0.5 – 2.0 mm. The appearance of the foam 
closely resembled that of cadaveric cancellous bone. However, the foam 
consisted of a 95% closed cellular structure unlike the open cell structure of 
human bone. The foam density was 120 kg/m3, the compressive strength 
0.85 MPa and the compressive modulus 25.8 MPa. We created a standardized 
central cavitary defect with a 60 mm acetabular reamer.  
We used three reconstruction methods in this model. Each reconstruction was 
done 5 times (Table 1). The same investigator (SBTB) did all reconstructions. 
Like the experiments in the human cadaveric pelvic bone model, in two series 
the defect was reconstructed using small or large impacted bone grafts and 
cemented cup placement. We used the same set of instruments as in the 
human cadaveric pelvic bone model. A final impactor of 46 mm in diameter 
created a superior graft layer with 10 mm thickness and 4 mm inferiorly. A 
thicker superior grafts layer was chosen in all series to simulate a larger 
superior defect. In the third series, we performed reconstructions using the 
reversed reaming technique with small bone grafts. The latter grafts were 
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inserted into the defect and impaction was performed using an acetabular 
reamer in a reversed direction with manual compression on the reamer. The 
last reamer used had an outer diameter of 46 mm. In all three series, we 
inserted bone cement (Surgical Simplex, Stryker Howmedica Osteonics, 
Limerick, Ireland) with a cement gun into the defect 4 minutes after adding 
the powder to the monomer. The cement was pressurized with an acetabular 
seal (65 mm pressurizer, DePuy International Ltd, Blackpool, England). Then 
the acetabular cup (Exeter RSA cup, Stryker Howmedica Osteonics, Newbury, 
UK) with an effective outer diameter of 40 mm was placed in a standardized 
way. All reconstructions were stored at 6°C for 24 hours to permit complete 
cement polymerization.  
 
 
 
 
Figure 1. The synthetic acetabulum 
model with a central cavitary defect. 
The porous structure is clearly visible. 
Figure 2. Transsection of the reconstructed model 
shows a grafts layer with sufficient space for an 
adequate cement mantle around the cup. 
 
Dynamic loading was done, as in experiments using the human cadaveric 
pelvic bone models. Since the stability of the model itself was less critical than 
in the cadaveric human pelvic bones, the staged increment was 1500 N 
instead of 750 N per stage. A static rotation torque of 3 Nm was also applied 
simultaneously to allow for a more critical loading regime of the cups. 
Migration of the center of the 8 tantalum cup markers was taken to represent 
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the migration of the implant relative to 6 tantalum markers circumferentially 
placed in the cortical layer of the synthetic model.  
 
Statistics 
Statistical analysis of the effect of impaction grafting with either large or small 
bone grafts in the human pelvic bones was done using a Wilcoxon signed 
rank test, significance at p=0.05. The effect of bone graft particle size and 
impaction technique on cup stability in the synthetic models was statistically 
analyzed using a two-sided unpaired t-test, significance at p=0.05. An F-test 
was performed to compare the variance of the results of impaction grafting 
with large and small bone grafts in either the human pelvic bones or the 
synthetic models. 
 
RESULTS 
In the cadaveric specimens, only 3 of 6 reconstructions with large bone grafts 
and 2 of the 6 reconstructions with small bone grafts could be loaded to the 
maximum of 3000 N. Fractures of the pubic bone which occurred during 
loading with 2250 N prevented full loading of the other reconstructions. There 
were no failures of the reconstructions due to the dynamic loading. Impaction 
grafting with small bone grafts resulted in a higher migration than impaction 
with large bone grafts (Table 2). This difference was statistically significant 
after dynamic loading with 1500 N (p = 0.03). At higher loads too few 
specimens were available for statistical comparison. 
There were no failures in the synthetic models. As with the experiments in the 
cadaveric specimens, we found higher cup migration after impaction grafting 
with small bone grafts (Table 3). This difference was statistically significant at 
all measuring points (p < 0.05), apart from the one after 15 minutes of 
recovery (p = 0.06). The results after reconstruction using pelvic bones or 
synthetic acetabulum models were similar (Tables 2 and 3). The variance in 
the results obtained from the pelvic bones did not differ from those recorded 
using the synthetic models (p > 0.05). 
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Defect reconstruction with the reversed reaming technique resulted in higher 
cup migration than with the use of impactors and a metal hammer (Table 3). 
This difference was statistically significant at the end of dynamic loading with 
3000 N (p = 0.02) and after elastic recovery of the grafts (p = 0.04). 
 
Table 2: Migration in mm of the cups in the human cadaveric pelvic bones. 
Load (N) Time 
(min) 
Large chips  
Mean SD N 
Small chips 
Mean SD N 
750 0 0.37 0.24 6 0.55 0.18 6 
750 15 0.32 0.08 6 0.66 0.23 6 
1500 15 0.56 0.26 6 0.87 0.18 6 
1500 30 0.48 0.23 6 1.21 0.25 6 
2250 30 0.67 0.32 5 1.46 0.21 2 
2250 45 0.77 0.32 3 1.67 0.37 2 
3000 45 0.99 0.07 3 1.78 0.40 2 
3000 60 1.27 0.06 3 1.98 0.54 2 
 
Elastic recoil was about 0.5 mm in all groups with no significant differences 
between the groups. Time-dependent recoil was small in all groups. Rotation 
due to the rotation torque in the series in the synthetic models was small with 
no significant differences between the groups. In the synthetic model, 
rotations were small without any difference between large and small grafts (p 
= 0.09-0.24) or between firm impaction and reversed reaming (p = 0.11-
0.76). 
 
Table 3: Migration in mm (SD) of the cups in the artificial acetabulum models. 
Load 
(N) 
Time 
(min) 
Large chips 
Mallet impaction 
Small chips 
Mallet impaction 
Small chips 
Reversed reamer 
1500 0 0.46 (0.16) 0.76 (0.12) 0.89 (0.12) 
1500 15 0.57 (0.19) 1.08 (0.16) 1.29 (0.16) 
3000 15 0.80 (0.25) 1.38 (0.15) 1.62 (0.18) 
3000 30 1.35 (0.42) 1.84 (0.18) 2.19 (0.20) 
0 30 0.82 (0.37) 1.34 (0.20) 1.65 (0.20) 
0 45 0.77 (0.34) 1.18 (0.20) 1.46 (0.19) 
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DISCUSSION 
We found that cemented cups were more stable when the reconstruction was 
performed with large bone chips and when a firm impaction with metal 
impactors and a hammer was used. These findings have clinical implications 
and are supported by good long-term clinical studies in which firmly impacted 
large bone grafts were used.2,14,15,23    
Simplified models provide information about the mechanical characteristics of 
impacted morselized bone grafts.1,4,10 Shear tests suggest that an optimal 
grading of the particles with a combination of several chip sizes would 
optimize the initial stability.4 However, in most simplified models the 
interaction with the bone cement of the bone grafts is not considered. Since 
we believe this is an important interaction with regard to the stability of the 
complete reconstruction, we decided to use a more realistic model in this 
study. First, we performed reconstructions in human cadaveric bones. Failure 
of the model before failure of the reconstruction interfered with an adequate 
comparison of the reconstructions. Furthermore, it was uncertain if re-usage 
of the specimens interfered with the final outcome. The synthetic acetabulum 
model was introduced to overcome these problems. Moreover, these models 
are easier to obtain and to handle. When comparing the results of 
reconstructions in the synthetic models to the human pelvic bones, we found 
no significant differences. However, such a comparison has limitations 
because the tests in both models were not performed in the exact same way. 
The numerous failures in the human pelvic bones at higher loads also 
interfered with an accurate comparison.  
Some limitations of our study should be mentioned. We did not control the 
degree of impaction. Similar to clinical practice, reconstructions were 
performed by manual impaction on the grafts. We agree with Bavadekar et 
al.1 that it is very difficult to mimic a clinical situation. To improve 
reproducibility one surgeon did all tests in the synthetic acetabulum model. 
We compared large sized pure cancellous bone chips with smaller sized 
cortico-cancellous grafts produced with a bone mill. We made this choice 
because of its clinical relevance. It might be that cortico-cancellous grafts 
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cause better stability than cancellous bone chips. However, based on the 
study of Bavadekar et al.1 this is unlikely and therefore was not regarded as 
relevant in this study. 
Producing large pure cancellous bone chips by hand is time-consuming. For 
impaction grafting on the femoral side, smaller chips must be used based on 
the femoral dimensions. These chips are made using a bone mill after 
removal of cartilage. It is tempting to use these chips also on the acetabular 
side. However, most commercially available bone mills produce particles, 
which in majority prove to be less than 3.5 mm.20 We found that 
reconstructing acetabular bone defects with large-sized bone grafts results in 
a higher initial stability of the cups than when reconstructed with smaller-
sized ones. This accords with the findings of Ullmark19. Most studies on the 
effect of graft particle size have reported on the initial stability of femoral 
implants. They found that the mechanical stability of a femoral stem could be 
improved by using larger-sized bone chips.9,11,12,18,21  
We believe that firm impaction of bone grafts is needed to ensure adequate 
stability of the cup.17 This hypothesis was confirmed in the present study. Use 
of the reversed reaming technique to impact the bone grafts reduced initial 
cup stability. In clinical work, this method is also used together with very 
small slurry bone grafts, which are produced by reaming the trabecular bone 
of the femoral head. We did additional tests in the synthetic model with these 
slurry bone grafts and the reversed reaming technique.3 These cups showed a 
3 times greater migration in relation to the reconstruction with impacted large 
sized bone chips using the same testing protocol. In our opinion, this method, 
especially in combination with slurry grafts, is not adequate for reconstruction 
of acetabular defects. 
When using cortico-cancellous grafts, every effort should be made to prevent 
inclusion of cartilage since these remnants can interfere with mechanical 
characteristics1 and with the incorporation of the grafts on the long term.7,22 
Another factor that may affect the stability of acetabular cups includes 
defatting of the bone grafts before impaction.6,19 Recent studies have shown 
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that pulse lavage cleaning of bone grafts can be done without compromising 
the incorporation of the grafts.8 
At this moment, we would recommend to apply the bone impaction grafting 
technique as originally advocated by Slooff et al.16 Although it is a time-
consuming procedure, long-term clinical proved satisfactory, with extensive 
incorporation of the grafts in the bone defects.7 A modification of the 
technique has not yet shown to improve performance and should therefore be 
introduced with caution.  
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ABSTRACT 
In revision surgery of the acetabulum bone defects can be filled with 
impacted human morsellized bone grafts. Because of a worldwide limited 
availability of human bone, alternatives are being considered. In this study we 
compared the initial stability of acetabular cups after reconstructing a cavitary 
defect with various compositions of impacted tricalciumphosphate-
hydroxyapatite (TCP/HA) particles and mixes of TCP/HA and human grafts in 
a realistic acetabulum model. Primary cemented cups and reconstructions 
with impacted human cancellous grafts were used as reference. The dynamic 
load displaced the acetabular cups superolaterally. The primary cemented 
cups showed the highest stability. The cups with impacted human grafts 
produced the most displacement. Probably due to a large amount of cement 
penetration, all reconstructions with the TCP/HA particles showed a high 
stability of the cups. Smaller particle size and mixing with human grafts 
decreased cup stability. Although a limited amount of cement penetration is 
needed to provide for an adequate stability, excessive cement penetration will 
at least partly prevent revascularisation of the grafts in patients. This will 
have a negative effect on the incorporation of the particles, which may cause 
long-term problems. In this respect, we concluded that it would be difficult to 
use TCP/HA particles alone as a bone graft substitute. However, TCP/HA 
particles may be useful as a bone graft extender.  
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INTRODUCTION 
Aseptic loosening is the main reason for loosening of total hip arthroplasty 
(THA) components.1 The loosening process is often accompanied by 
progressive bone stock loss around the prosthesis. In revision surgery these 
bone defects can be filled with impacted human bone grafts. This is a 
technique with promising clinical results both on the acetabular side and on 
the femoral side.2-7 However, the technique is demanding and some authors 
report a high incidence of complications, especially when the technique is 
used with segmental defects.8-10 
The impaction grafting technique has become a popular method to restore 
contained defects. However, due to a worldwide limited availability of human 
bone and the risk of virus transfer when using allografts, alternatives to 
restore bony defects are being considered over the last decade. Calcium 
phosphate-based materials such as the tricalciumphosphate (TCP) and 
hydroxyapatite (HA) have become popular as bone graft substitutes in all 
kinds of surgery involving the skeleton. An important advantage of these 
materials is that they are unlimitedly available. TCP and HA have a proven 
biocompatibility and can act as an osteoconductive material.11-13 TCP and HA 
are incorporated in the same way as human bone grafts.11 Initially the use of 
synthetic materials was limited to bone cavities as defect fillers in non-weight-
bearing areas.12 However, the clinical applications of HA and TCP have 
expanded rapidly. Using the osteoconductive capacity of HA, bioactive bone 
cements are being developed as an alternative to the PMMA cement.14,15 
Several studies have shown an enhanced stability of uncemented implanted 
stems coated with HA.16-18 Improved processing created stronger ceramics 
and synthetic biomaterials are now being used in weight-bearing areas as 
well.16,19-21 Oonishi et al.22 presented satisfying clinical mid-term results after 
acetabular cup revisons in which defects were reconstructed with impacted 
HA particles. 
However, there are some problems associated with synthetic biomaterials. A 
major concern is the different mechanical characteristics of most ceramics 
when compared to human bone grafts.23 Another problem is that the 
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ceramics alone are not osteoinductive. A high number of non-unions was 
reported by Moore et al.24 when ceramics alone were tested in filling a 
diaphyseal defect. Adding bone marrow or mixing with cancellous bone grafts 
improved ceramic incorporation.19,20,24 In addition, mixing of ceramics with 
human bone grafts may improve biomechanical characteristics of the 
reconstruction.23 
Human bone grafts are incorporated after revascularisation of the grafts from 
the spongiosa of the host bone.25 Revascularisation is followed by remodeling 
of the bone into the typical trabecular structure.26 Initial stability of the 
reconstruction is necessary for a good incorporation of the grafts, which 
defines the long-term survival of the prosthesis. This is evidenced by RSA 
studies showing that high early migration of an implant is associated with a 
higher failure rate on the long term.27 Using the impaction bone grafting 
technique probably leads to a higher early migration caused by additional 
impaction of the allografts during a limited period of loading postoperatively. 
However, this may not necessarily be associated with an earlier loosening of 
the implant.27 Incorporation of the grafts also depends on other factors such 
as particle size and impaction grade.28  
In this study we determined whether the reconstruction of a contained defect 
in an artificial acetabulum model with various compositions of TCP/HA and 
mixes of TCP/HA with human grafts could provide for an adequate stability of 
the cup. As reference we also implanted primary cemented cups and 
cemented cups with impacted human bone grafts. Roentgen 
Stereogrammetric Analysis was used to measure micro-motion during testing.  
 
MATERIALS AND METHODS 
The tests were performed in a custom-made synthetic acetabulum model 
produced by Sawbones®. The models contained a cortical and spongious 
layer. The thickness of the cortical layer was 3 mm and the internal diameter 
of the spongiosa 68 mm. The spongiosa was a large cell rigid polyurethane 
foam with a porosity of 22-23%. The appearance of the foam closely 
resembled that of cadaveric cancellous bone. However, the foam consisted of 
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a 95% closed cellular structure in comparison to the open cell structure of 
human bone. The cells of the foam had a diameter ranging between 0.5-2.5 
mm. The foam density was 120 kilograms per cubic meter, the compressive 
strength 0.85 MPa and the compressive modulus 25.8 MPa. 
We tested 7 different combinations of materials to reconstruct a cavitary 
defect in the acetabulum model. Each series consisted of five reconstructions 
(Table 1). Sole TCP/HA particles (BoneSave, Stryker Howmedica Osteonics, 
Limerick, Ireland) were used as synthetic bone substitute in three testing 
groups (fig. 1A). The particles consisted of a TCP/HA percentage of 20/80. 
Three different types of particles were used varying in size and porosity: small 
particles (3-5 mm), large particles (6-8 mm) and porous particles (6-8 mm, 
50% porosity). Two testing groups contained a 50%/50%-volume mix of 
TCP/HA particles with human grafts. In these mixtures we used the large and 
the porous particles (Table 1). Before using the TCP/HA particles they were 
soaked in saline for 30 minutes. Similar to our clinical practice, human 
trabecular bone grafts (fig. 1B) were nibbled manually using a rongeur. 
Hence, the grafts consisted of cancellous bone only. The size of the human 
grafts varied from 8-12 mm. Twelve freshly frozen femoral heads were used 
to form a pool of bone grafts. The same pool was used both in the human 
grafts testing group and in the mixes. 
 
Table 1: Overview of the used combinations of human morsellized bone grafts and BoneSave 
particles with a cemented acetabulum cup. 
Group Grafts Porosity Size 
Primary None (primary cups) - - 
Human Human grafts - 8-12 mm 
Small BoneSave particles 0% 3-5 mm 
Large BoneSave particles 0% 6-8 mm 
Porous BoneSave particles 50% 6-8 mm 
Mix solid Mix human / large 0% 6-8 mm 
Mix porous Mix human / porous 50% 6-8 mm 
 
A central cavitary defect was made in the acetabulum model by over-reaming 
with a 60 mm acetabular reamer (fig. 2A). Next, the cavitary defect in the 
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acetabulum was reconstructed. No grafts were used in the first testing group, 
in which the defect was completely filled with bone cement. The other testing 
groups were reconstructed layer by layer with impacted bone grafts and 
TCP/HA as indicated in Table 1. The bone grafts and TCP/HA particles were 
impacted using several impactors and a metal hammer. A final impactor of 46 
mm created a graft or TCP/HA layer of 4 mm inferior and 10 mm 
superolateral (fig. 2B).  
 
 
A  B  
Figure 1: BoneSave particles: small (3-5 mm), large (6-8 mm) and porous (50% porosity) 
particles (A) and nibbled human bone grafts (B). 
 
An eccentrical cup placement in the defect was chosen because in revision 
surgery a larger superolateral defect in the acetabulum is often present. The 
same investigator performed all impaction grafting to minimize differences in 
impaction grade.  
 
 
  
 
A  B  
 
C  
 
D 
Figure 2: Preparation of the acetabulum model. A cavitary defect was reamed using a 60 mm 
acetabular reamer (A). The defect was reconstructed with an impacted grafts layer of human 
grafts (up) or BoneSave particles (below) (B). Next, after cement insertion a standardized 
placement of the cup was performed (C). The cups were placed eccentrically creating a larger 
grafted area superolaterally, BoneSave groups above and mixes below (D). 
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After impaction the bone cement (Surgical Simplex, Stryker Howmedica 
Osteonics, Limerick, Ireland) was prepared. Four minutes after adding the 
powder to the monomer, the cement was injected in the reconstructed defect. 
The cement was pressurized for 2 minutes with an acetabular seal (65 mm 
pressuriser, DePuy International Ltd, Blackpool, England) and a pushing 
handle. Next, the acetabular cup (Howmedica Exeter RSA cup 48 mm, inner 
diameter 28 mm) was inserted in a standardized way with the MTS loading 
device (fig. 2C). The reconstructions were stored at 6° Celsius for 24 hours to 
allow for cement polymerization. 
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Figure 3: Loading schedule during testing. Three periods of 15 minutes; 0-1500N, 0-3000N 
and a recovery period. The dots indicate the points at which RSA-photos were taken (at a 
static load of 0 N, 1500 N, 3000 N and ‘zero load’ respectively). 
 
During loading, the acetabulum models were fixated in a clamp with 45 
degrees abduction and 0 degrees anteversion of the cup. The load direction 
pushed the cups into the 10 mm graft layer during testing. A dynamic load of 
0-1500 N (freq. 1 Hz) was applied for 15 minutes, followed by a dynamic load 
of 0-3000 N for the same time period (fig. 3). During loading a static rotation 
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torque of 3 Nm was applied simultaneously. After 30 minutes both the load 
and the rotation torque were removed and the grafts layer could recover for 
15 minutes (fig. 3). 
Roentgen Stereogrammetric Analysis (RSA) was used to measure 3-
dimensional cup migration relative to the artificial bone. RSA-photos at a 
static load of 1500 and 3000 N, respectively, were taken before and after the 
dynamic load was applied and at 'zero load' before and after the recovery 
period (fig. 3). 
Statistical analysis was done using an unpaired t-test with unsimilar variance 
for all groups, significance at p<0.05. 
 
RESULTS 
In the group with the primary, cemented cups one acetabulum was excluded 
because the RSA-markers could not be digitized adequately. There were no 
other complications during testing. 
 
Table 2: Mean superolateral displacement of the cups in millimeters of the seven testing 
series. 15001 and 30001 is the displacement after increasing the load to 1500 N and 3000 N 
respectively. 15002 and 30002 is the displacement at 1500 N and 3000 N respectively after 
dynamic loading for fifteen minutes. 
Load (N) Primary Human Small Large Porous Mix solid Mix porous 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
15001 0.09 0.46 0.21 0.14 0.11 0.23 0.30 
15002 0.09 0.57 0.37 0.16 0.14 0.24 0.44 
30001 0.10 0.80 0.44 0.23 0.22 0.33 0.48 
30002 
(SD) 
0.13 
(0.04) 
1.35 
(0.42) 
0.71 
(0.11) 
0.33 
(0.12) 
0.46 
(0.10) 
0.44 
(0.10) 
0.87 
(0.14) 
0 0.06 0.82 0.46 0.15 0.18 0.23 0.60 
0 0.05 0.77 0.45 0.13 0.20 0.20 0.56 
 
The dynamic load displaced the cups in a superolateral direction (Table 2). 
The cemented cups led to the most reproducible results and the cups 
reconstructed with human grafts had the highest variation as shown by the 
relatively high standard deviation (Table 2). The cups showed an immediate 
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increase in displacement when the load was increased from 0-1500 and from 
1500-3000 N. Dynamic loading displaced the cups further into the defect 
(Table 2). The mean cup displacement after dynamic loading with 3000 N is 
shown in figure 4. The cemented cups had the highest stability. This was 
significant for all other groups. The cups reconstructed with human grafts 
produced the most displacement. This was significant relative to all groups, 
except for the group with the mix of human grafts and the porous TCP/HA 
particles (p=0.06).  
TCP/HA particles characteristics also had an effect on the stability of the cups. 
The cups reconstructed with the small particles displaced more than cups 
reconstructed with the large particles. This difference was significant 
(p<0.01). Cups reconstructed with the porous particles produced a higher 
displacement than the reconstruction with the solid particles, although this 
difference was not significant (p=0.12). This difference in stability of the cups 
between the solid and porous particles became significant, however, when 
mixed with human grafts (p<0.01).  
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Figure 4: Mean maximal displacement (displacement after dynamic loading with 3000 N) of 
the cups. 
 
We calculated the elastic deformation of the grafts, which could be viewed as 
the cyclic micro-motion at the end of the loading period, after the load was 
decreased from 3000 N to ‘zero load’ (Fig. 3). Results are shown in Table 3. 
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The highest elastic deformation was seen in the human grafts reference 
group. This was significant relative to all other groups. The cemented cups 
showed virtually no elastic deformation. There were no significant differences 
between the testing groups containing the TCP/HA particles and the mixes. 
 
Table 3: Elastic deformation of the graft after the load was decreased from 3000 N to ‘zero 
load’ at the end of the tests. 
 Primary Human Small Large Porous Mix solid Mix porous 
Mean 0.069 0.52 0.25 0.18 0.24 0.23 0.28 
SD 0.042 0.16 0.03 0.09 0.02 0.02 0.03 
 
The time-dependent recovery was smaller than 0.10 mm in all groups in this 
study. The rotation due to the rotational torque was smaller than 0.5 degrees 
in all groups. Translation and rotation of the cups in other directions than 
mentioned above were neglected as they were very small and did not exceed 
the measuring accuracy. 
 
DISCUSSION 
Revision surgery of failed acetabular cups is complicated by bone stock loss. 
Cavitary defects can be reconstructed with impacted morsellized grafts with 
good long-term results.3,5,7 In the near future synthetic biomaterials may be 
used as substitutes for morsellized grafts. The aim of this study was to test 
the stability of cemented acetabular cups after reconstructing a cavitary 
defect with impacted TCP/HA particles and mixes of TCP/HA particles and 
human bone grafts in a realistic acetabular revision surgery model.  
Before discussing the results, some limitations of the used model should be 
mentioned. The rotation torque of 3 Nm used in this study was chosen based 
on mathematical calculations by Walker et al.29 However, it proved to be too 
low to give significant differences between the testing groups. TCP/HA 
particles were soaked in saline before using, as described by the 
manufacturer. No blood or marrow was present, although it is known that 
adding clotted blood to human bone grafts improves prosthetic stability, 
probably by an increased cohesion of the particles.30 The acetabulum model 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
72 
used in this study is a simplification of the human pelvic bone. In earlier 
studies we used freshly frozen human pelvic bones.31 However, the geometry 
and mechanical properties of human pelvic bones were not very reproducible 
and were not considered adequate to analyze the effects of biomaterial 
parameters as done in this study. Therefore we used this artificial model. We 
compared the results of the human grafts control group in this testing model 
with the results of the study in which cavitary defects in human cadaver 
acetabuli were reconstructed with impacted human grafts. Results were 
comparable with more reproducible results in our artificial testing model. 
The acetabulum model in this study can simulate clinical conditions better 
than models using compaction chambers.23,32,33 In the model we used in this 
study, the defect was comparable to the defects seen in revision surgery, 
although no segmental defects were made. A larger amount of grafts was 
used to reconstruct the defect and the interaction with bone cement was 
included. However, compaction chambers may be more suitable to determine 
the inherent mechanical characteristics of the bone grafts and biomaterials 
itself, without consideration of bone, bone cement or prosthetic components.  
Elastic properties of human grafts and TCP/HA particles were found to be 
different as shown by a much lower elastic modulus of human allografts in 
comparison to TCP/HA particles.23 In this study the cyclic motion of the cups 
reconstructed with human grafts was significantly higher than all other 
groups. Hence, this corresponds with findings of Verdonschot et al.23 
The impacted morsellized grafts have a bi-phasic nature and are subjected to 
deformation after loading and after long time.33 HA did not show post-
operative morphological changes or volume decrease after long time follow-
up.16 Verdonschot et al.23 showed a lower recovery strain of TCP/HA particles 
when compared to human grafts. In this study the bi-phasic characteristics of 
the grafts was influenced by fluid leakage out of the acetabulum specimens 
and visco-elastic recovery was small in all groups.  
Highest stability could be obtained using fully cemented cups. This would 
suggest that filling cavitary defects in the acetabulum with cement would be 
the method of choice. However, reconstructing large defects as seen in 
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revision surgery with bone cement is not an attractive option because the 
cement cannot be replaced by healthy bone. In addition, it is associated with 
inferior clinical results.34  
TCP/HA particles characteristics had an effect on the cup stability. Small 
TCP/HA particles produced a higher cup displacement than large TCP/HA 
particles. A higher cup displacement when using smaller particles is also 
found for cemented cups reconstructed with human grafts.31 However, it 
contrasts with findings of Verdonschot et al.23, who found more time-
dependent deformation of the large TCP/HA particles. An explanation for this 
finding may be a higher cement penetration when using large particles, which 
enhances cup stability.35 This interaction with bone cement is lacking in the 
compaction chambers.  
Porosity of the TCP/HA particles only had an effect on cup stability when 
mixed with human grafts. An explanation for this finding may be that the 
porous particles were smashed into smaller fragments during impaction, 
which limited cement penetration. Although no significant difference in cup 
stability was found when the particles were tested solely, adding the human 
grafts, which also limit cement penetration, did result in a significant increase 
in cup displacement for the porous particles.  
Using impacted TCP/HA particles, even when mixed with human grafts, 
resulted in a higher stability than the reconstruction with human grafts alone. 
This was significant for all groups, except for the group in which the defect 
was reconstructed with the mix of human grafts and the porous TCP/HA 
particles. An explanation for a better stability of the cups when synthetic 
particles were used may be a larger cement penetration through the 
interparticle space of the biomaterials. The human grafts formed a connective 
layer after impaction with limited cement permeability. TCP/HA particles, 
however, were less cohesive and could not be impacted into a connective 
layer. A visible interparticle space was seen after impaction (Fig. 2B), allowing 
cement penetration during pressurizing. This was visually confirmed by 
analyzing the cement-graft interface after removal of the cups at the end of 
the tests. The cups were much more difficult to remove in all groups 
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containing the TCP/HA particles solely and in the groups containing the mixes. 
In all these groups a large amount of cement penetration was visible. In some 
cases the cement even reached the artificial spongiosa. Oonishi et al.22 limited 
cement penetration by a different cementing technique. Mid-term results 
were promising, although a stable filling could not be obtained when large 
defects were present. Oonishi et al. suggested that additional allografts 
should be used to improve stability when large medial defects or segmental 
defects were present. 
Although the cement penetration was not measured quantitatively, excessive 
cement penetration will at least partly prevent revascularisation of the grafts 
layer from the spongiosa. Human bone grafts are incorporated after 
revascularisation of the grafts layer from the spongiosa, followed by 
remodeling of the bone structure into the typical trabecular structure.26 The 
same mechanism is reported for TCP and HA particles.11,12,16,17,19 Bone 
incorporation can be augmented by adding TCP and HA to the grafts, 
although the mechanism underlying this effect is unknown.19 An impaired 
revascularisation will decrease the incorporation of the grafts layer and will 
lead to long-term problems with cup survival.  
This study shows that reconstructing cavitary defects with impacted TCP/HA 
particles resulted in an adequate stability of cemented cups. The obtained 
stability after filling the defects with both TCP/HA particles solely and mixes of 
TCP/HA particles and human grafts was higher than filling the defects with 
human grafts alone. The high stability was mainly due to a large amount of 
cement penetration in all groups containing the TCP/HA particles. Excessive 
cement penetration will have a negative effect on the revascularisation of the 
grafts layer in patients and incorporation of the particles will be less when 
revascularisation is hampered. This will cause long-term problems with cup 
survival. Due to the risk of excessive cement penetration and the poor 
osteoinductive capacity of TCP/HA particles solely,24 it may be a problem to 
use TCP/HA particles as a substitute for human bone grafts in revision 
surgery. Mixes of TCP/HA particles and human grafts may behave more 
adequately to reduce the amount of human grafts in revision surgery. 
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Therefore, synthetic TCP and HA ceramics may be useful as a bone graft 
extender. 
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ABSTRACT 
Tricalciumphosphate (TCP) and hydroxyapatite (HA) have been suggested as 
bone graft substitutes in a wide range of applications. In this study the initial 
stability of cemented acetabular cups was determined after reconstructing a 
combined cavitary and segmental defect in a realistic acetabular revision 
surgery model. The defects were reconstructed with mixes of TCP/HA 
particles and human bone grafts using the bone impaction grafting technique. 
In comparison to defect reconstruction with human bone grafts only, cup 
translation and tilt decreased with 27% when mixes of bone grafts and 
porous TCP/HA particles were used and with 55% when mixing the bone 
grafts with solid TCP/HA particles. Increasing the TCP/HA ratio within the mix 
significantly decreased cup translation. From a biomechanical perspective 
mixes of TCP/HA particles and bone grafts are an attractive alternative for 
morsellized bone grafts when using the bone impaction grafting technique in 
the reconstruction of large defects of the acetabulum. 
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INTRODUCTION 
The loosening process of total hip arthroplasty (THA) components is often 
accompanied by progressive bone stock loss around the prosthesis. A major 
challenge in revision surgery of failed acetabular implants is how to cope with 
the bone stock loss and create a stable cup reconstruction. 
The bone impaction grafting technique using impacted morsellized bone 
grafts in combination with cemented cup placement to restore bone 
deficiencies showed good long-term results.1 After surgery, revascularisation 
of the grafts occurs from the host bone and osteoprogenitor cells can 
penetrate the grafts. Resorption of necrotic graft remnants by osteoclasts and 
apposition of newly formed bone by osteoblasts will remodel the bone into 
the typical trabecular structure.2,3 However, due to a worldwide limited 
availability of human bone and the associated risk of virus transfer when 
using allogeneic bone, alternatives are being considered as bone graft 
substitutes. 
Calciumphosphate based materials such as the tricalciumphosphate (TCP) and 
hydroxyapatite (HA) are popular bone graft substitutes in a wide range of 
applications.4-8 These materials have a proven osteocompatibility and can act 
as an osteoconductive material.9-11 Potential problems when using these 
materials in hip surgery include the poor osteoinductive properties of TCP and 
HA alone,9 third body wear caused by TCP or HA fragments12-14 and the 
different biomechanical characteristics of the TCP and HA particles when 
compared to human bone grafts.15 Oonishi et al.16 presented satisfying mid-
term clinical results after acetabular defect reconstruction with impacted HA 
particles. However, before introducing these materials in acetabular revision 
surgery replacing a successful revision method, more pre-clinical data are 
needed.  
Initial stability of the reconstruction is an important factor in the long-term 
survival of an implant. Several studies showed that a high early migration is 
associated with a higher risk of implant failure on the long term.17-19 Bolder et 
al.20 reported an excellent stability of acetabular cups after an in-vitro 
reconstruction of a cavitary defect model with TCP/HA particles. The stability 
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of the cups was, however, mainly due to a large amount of cement 
penetration. Excessive cement penetration will prevent revascularisation of 
the graft layer in patients and will lead to long-term problems with 
incorporation of the TCP/HA particles, despite the high stability. It was 
hypothesized that in order to limit the amount of cement penetration20 and 
improve biomechanical15 and osteoinductive9 properties of the grafts layer, 
reconstructions should be performed using TCP/HA particles in a mix with 
human bone grafts.  
In this study reconstructions of combined cavitary and segmental defects 
were performed with mixes of human bone grafts and various compositions of 
TCP/HA particles. We determined whether the reconstruction of large defects 
with these mixtures could provide for an adequate initial stability of the 
cemented cups without the excessive cement penetration as observed in 
previous testing.20 Reconstructions were performed in an artificial acetabulum 
model. Results were compared to a reconstruction with impacted human bone 
grafts only. Roentgen Stereophotogrammetric Analysis was used to measure 
micro-motion during testing. 
 
MATERIALS AND METHODS 
Materials 
Custom-made composite test blocks produced by Sawbones® were used as 
synthetic acetabulum models. The cylindrical test blocks had an outer cortical 
layer of 3 millimeters thickness. The inner spongious part was 68 millimeters 
in diameter. The spongiosa existed of standard large cell rigid polyurethane 
foam with a porosity of 22-23%. The foam consisted of a 95% closed cellular 
structure. The cells of the foam had a diameter ranging between 0.5-2.0 mm. 
We tested 6 different combinations of materials to reconstruct the defect in 
the acetabulum model (Table 1). Each series consisted of five reconstructions. 
Twenty fresh frozen human femoral heads were used to form a pool of bone 
grafts. Large bone grafts were nibbled manually using a rongeur similar to our 
clinical practice. Hence, the bone grafts consisted of cancellous bone only. 
The size of the bone grafts varied from 8-12 millimeters. The large human 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
82 
trabecular bone grafts were used solely to reconstruct the defect in the first 
series and were mixed in a 50%/50%-volume mix with TCP/HA particles in 
three additional series.  
 
Table 1: The testing groups 
TCP/HA particles 
Group 
TCP/HA / bone 
(volume mix) Size Porosity 
Bone grafts 
Human grafts - - - Large 
Mix solid 50%/50% 6-8 mm 0% Large 
Mix porous 50%/50% 6-8 mm 50% Large 
Mix small 50%/50% 3-5 mm 50% Large 
Mix 50/50 50%/50% 6-8 mm 50% Small 
Mix 90/10 90%/10% 6-8 mm 50% Small 
 
The TCP/HA particles (Stryker Howmedica Osteonics, Limerick, Ireland) 
consisted of TCP/HA ratio of 20/80. Three different types of particles were 
used, varying in size and porosity. Mixes of large bone grafts and solid 
TCP/HA particles (6-8 mm, 0% porosity), porous TCP/HA particles (6-8 mm, 
50% porosity) and small TCP/HA particles (3-5 mm, 50% porosity) were used 
to reconstruct the defects in the acetabulum models. 
Small bone grafts were prepared with a bone mill (Noviomagus bone mill, 
Spierings Medical Technologies, Nijmegen, The Netherlands) and consisted of 
cancellous and cortical bone. The finest rasping blade was used. Particle size 
varied from 2-4 millimeters. The small bone grafts were used in two testing 
series in which the defect was reconstructed with a 50%/50%-volume mix 
and a 90%/10%-volume mix of porous TCP/HA particles and small bone 
grafts, respectively.  
 
Preparation 
The tests in this study were performed similar to previous testing using a 
cavitary defect model.20 A central cavitary defect was made by over-reaming 
the acetabulum model with a 60 mm acetabular reamer. The cavitary defect 
was combined with a standard cortical wall defect using a template. The 
created segmental defect was reconstructed with a metal mesh (X-Change 
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flat mesh, Stryker Howmedica Osteonics, Limerick, Ireland) in order to 
contain the defect. The metal mesh was fixated with four cancellous screws 
with a diameter of 6.5 mm and a length of 10 mm (Mathys Medical Ltd, 
Bettlach, Switzerland) that were applied at the same level in all models (Fig. 
1). Next, the contained defect in the acetabulum model was reconstructed 
layer by layer with impacted bone grafts and TCP/HA particles as indicated in 
Table 1. Before using the TCP/HA particles, they were soaked in saline for 30 
minutes. The bone grafts and TCP/HA particles were impacted using several 
sizes of impactors and a metal hammer. A final impactor of 46 mm created a 
graft or TCP/HA layer of 5 mm inferior and 18 mm superior. The superior 
grafts layer in this study was about twice the size in comparison to the 
superior grafts layer in the cavitary defect model.20 An eccentrical cup 
placement in the defect was chosen because in revision surgery a larger 
superolateral defect in the acetabulum is often present. The same investigator 
performed all impaction grafting to minimize differences in impaction grade.  
 
 
 
Figure 1: The artificial acetabulum model with a 
combined cavitary and segmental defect. 
 
After impaction the bone cement (Surgical Simplex, Stryker Howmedica 
Osteonics, Limerick, Ireland) was prepared. Four minutes after adding the 
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powder to the monomer, the cement was inserted in the reconstructed 
defect. The cement was pressurized for 2 minutes with an acetabular seal (65 
mm pressurizer, DePuy International Ltd, Blackpool, England) and a pushing 
handle. Next, the acetabular cup (Howmedica Exeter RSA cup 48 mm, inner 
diameter 28 mm) was placed in a standardized way with the MTS loading 
device. The reconstructions were stored at 6° Celsius for 24 hours to allow for 
cement polymerization. 
 
Mechanical Testing 
During loading, the acetabulum models were fixated in a clamp with 45 
degrees abduction and 0 degrees anteversion of the cup. The load direction 
pushed the cups into the superomedial grafts layer during testing and tilted 
the cups. A dynamic load of 0-1500 N with a frequency of 1 Hz was applied 
for 15 minutes, followed by a dynamic load of 0-3000 N for the same time 
period (Fig. 2). During loading a static rotation torque of 3 Nm was applied 
simultaneously.  
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Figure 2: Loading schedule during testing. Three periods of 15 minutes; 0-1500 N, 0-3000 N 
and a recovery period. The dots indicate the points at which RSA-photos were taken (at a 
static load of 0 N, 1500 N, 3000 N and ‘zero load’ respectively). 
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After 30 minutes both the load and the rotation torque were removed and the 
grafts layer could recover for 15 minutes. Elastic recovery was calculated 
directly after the load was decreased from 3000 N to zero. Time-dependent 
recovery was determined after 15 minutes. 
Roentgen Stereophotogrammetric Analysis (RSA)18,19 was used to measure 3-
dimensional cup migration relative to the artificial bone. Eight spherical 
tantalum markers were attached to the cup. Seven tantalum markers were 
attached circumferentially in the cortical layer of the synthetic model. 
Migration of the center of the cup was taken to represent the migration of the 
implant relative to the bone. Clinically, implant migration can be calculated 
with an accuracy of 0.05-0.20 mm for translation and 0.05-0.60 degrees for 
rotation.18,19 In our in vitro testing set-up a higher accuracy was found after 
repeated measurement examination with an accuracy of 0.01-0.03 mm for 
translation and 0.01-0.08 degrees for rotation. RSA-photos at a static load of 
1500 and 3000 N, respectively, were taken before and after the dynamic load 
was applied and at 'zero load' before and after the recovery period (Fig. 2). 
 
Statistics 
An F-test was performed to compare the results of the three testing groups 
containing mixes of TCP/HA particles and large human grafts with the human 
grafts control group, significance at p<0.05. The effect of porosity and 
particle size of the TCP/HA particles in the mixes, of mixing TCP/HA particles 
with either large or small bone grafts and the effect of increasing the TCP/HA 
particles ratio in the mix of TCP/HA particles and human bone grafts was 
determined using an unpaired t-test, significance at p<0.05. 
 
RESULTS 
Complications 
There was one complication during testing. One acetabulum in the 50/50-mix 
series failed due to the load. The upper right screw fixation of the metal mesh 
broke out during dynamic loading with 3000 N (Fig. 3). In one of the 
acetabuli of the solid mix group, a small cortical fracture originating from the 
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upper right screw fixation was found after testing. However, the cortical 
integrity was not harmed and the mechanical results of this reconstruction 
were comparable to the other reconstructions in this group. We therefore 
decided that the mechanical stability was not harmed by this fracture and the 
results of this reconstruction were included. 
 
 
 
Figure 3: Failure of one reconstruction in the 50/50 mix series during loading with 3000 N. A 
small cortical fracture originated from the upper right screw fixation. 
 
Initial Stability 
The acetabular cups migrated and tilted due to the dynamic load. Total 
migration was a combination of protrusion and cranial displacement of the 
cups. The cups showed an immediate increase in displacement when the load 
was increased from 0 to 1500 N and from 1500 to 3000 N, respectively. 
Dynamic loading displaced the cups further into the defect (Table 2). The 
mean maximal cup displacement is shown in Figure 4. Tilt of the cups is 
shown in Table 3. The cups of the human grafts group showed the most 
migration and the most tilt. This was statistically significant for all defect 
reconstructions using the mixes of TCP/HA particles and large bone grafts. 
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Figure 4: Mean migration and 95% confidence interval of the cups after loading with 3000 N. 
The * indicates a significantly lower cup migration when using mixes of bone grafts and 
TCP/HA particles in comparison to bone grafts only. The ** indicates a significantly lower 
migration when solid TCP/HA particles were used in the mix in comparison to porous TCP/HA 
particles. The # indicates a significantly lower cup migration when a higher ratio of TCP/HA 
particles was used in the mix. 
 
There was no significant difference in cup migration or tilt of the cups 
between defect reconstruction with the mix of TCP/HA particles and small 
bone grafts or with the mix of TCP/HA particles and large bone grafts (p=0.33 
and p=0.36, respectively). The results of the reconstructions with the mixes 
Table 2: Total migration of the cups during testing. Means and standard deviations are shown 
in millimeters. 
Load (N) Human Mix solid Mix porous Mix small 50/50 mix 90/10 mix 
0 min 0 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 
0 min 1500 0.76 ±0.17 0.39 ±0.10 0.63 ±0.05 0.62 ±0.16 0.58 ±0.12 0.37 ±0.07 
15 min 1500 1.07 ±0.19 0.52 ±0.12 0.90 ±0.12 0.93 ±0.19 0.89 ±0.19 0.58 ±0.04 
15 min 3000 1.50 ±0.20 0.69 ±0.15 1.08 ±0.15 1.15 ±0.20 1.11 ±0.20 0.72 ±0.03 
30 min 3000 2.32 ±0.24 1.02 ±0.19 1.70 ±0.28 1.79 ±0.27 1.98 ±0.44 1.21 ±0.12 
30 min 0 1.66 ±0.20 0.71 ±0.19 1.23 ±0.21 1.31 ±0.27 1.33 ±0.31 0.86 ±0.08 
45 min 0 1.57 ±0.20 0.66 ±0.19 1.15 ±0.20 1.22 ±0.29 1.24 ±0.30 0.82 ±0.07 
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containing the large bone grafts were more reproducible than the results of 
the small bone grafts mixes, as shown by a lower standard deviation. 
TCP/HA particles characteristics had an effect on cup stability. Defect 
reconstruction with the porous mix resulted in a significantly higher migration 
(p=0.003) and tilt (p=0.02) of the cups in comparison to the solid mix. There 
was no significant difference in cup migration (p=0.63) or tilt (p=0.82) 
between the reconstruction with the porous mix and the small mix. The cups 
in the 50/50-mix group migrated significantly more than the cups in the 
90/10-mix group (p=0.04). There was no statistically significant difference in 
tilt of the cup between the 50/50-mix and 90/10-mix (p=0.11). 
The rotation due to the static rotation torque of 3 Nm was about one degree 
in all groups, with no significant differences between the groups. Rotation and 
migration in other directions than mentioned above were very small. 
 
Table 3: Tilt of the cups during testing. Means and standard deviations are shown in degrees. 
Load (N) Human Mix solid Mix porous Mix small 50/50 mix 90/10 mix 
0 min 0 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 
0 min 1500 1.07 ±0.24 0.48 ±0.23 0.60 ±0.12 0.68 ±0.26 0.54 ±0.13 0.52 ±0.14 
15 min 1500 1.51 ±0.28 0.68 ±0.21 1.02 ±0.25 1.04 ±0.22 0.98 ±0.35 0.83 ±0.32 
15 min 3000 1.86 ±0.28 0.87 ±0.25 1.23 ±0.27 1.28 ±0.17 1.16 ±0.38 0.96 ±0.30 
30 min 3000 3.11 ±0.54 1.40 ±0.25 2.22 ±0.50 2.28 ±0.22 2.72 ±0.88 1.73 ±0.49 
30 min 0 2.28 ±0.39 0.98 ±0.28 1.53 ±0.43 1.68 ±0.25 1.72 ±0.40 1.27 ±0.33 
45 min 0 2.15 ±0.42 0.92 ±0.29 1.46 ±0.43 1.58 ±0.25 1.57 ±0.43 1.18 ±0.36 
 
Biomechanical Properties 
We calculated the elastic deformation at the end of the tests after the load 
was decreased from 3000 N to ‘zero load’. This could be viewed as the cyclic 
micro-motion at the end of the loading phase. Results are shown in Table 4. 
The cups of the group in which the defect was reconstructed with the human 
grafts showed the highest elastic deformation. This was statistically significant 
for all reconstructions with mixes of TCP/HA particles and large bone grafts. 
There was no significant difference between the reconstruction with the mix 
of TCP/HA particles and large bone grafts and the mix of TCP/HA particles 
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and small bone grafts (p=0.40). Again the group with the mix of TCP/HA 
particles and large bone grafts showed more reproducible results as shown by 
a lower standard deviation. The elastic deformation of the group with the 
solid mix was significantly smaller than the group with the porous mix 
(p=0.01). There were no significant differences in elastic deformation 
between the groups containing the porous and small mixes (p=0.84) and the 
50/50 and 90/10-mix (p=0.17). The mean time-dependent recovery during 
the 15 minutes of ‘zero-load’ was smaller than 0.10 mm in all groups. 
 
Table 4: Elastic deformation at the end of the tests after the load was decreased from 3000 N 
to ‘zero load’ and time dependent recovery during 15 minutes of ‘zero load’. Means and 
standard deviations are shown in millimeters. 
Recovery Human Mix solid Mix porous Mix small 50/50 mix 90/10 mix 
Elastic 0.65 ±0.11 0.32 ±0.08 0.47 ±0.08 0.48 ±0.03 0.64 ±0.33 0.35 ±0.10 
Visco-elastic 0.10 ±0.02 0.05 ±0.04 0.08 ±0.01 0.09 ±0.02 0.09 ±0.04 0.04 ±0.01 
 
DISCUSSION 
Revision surgery of failed THA components is accompanied by complex 
problems, especially when severe bone stock loss is found. Several 
reconstructive techniques have been suggested to cope with the bone stock 
loss, including the impaction grafting technique as advocated by Slooff and 
Gie.21,22 With an increasing number of revisions that have to be performed in 
the near future and the limited availability of human bone, the need for bone 
substitute materials is present. However, before introducing substitute 
materials in clinical practice replacing a successful revision technique, pre-
clinical data are needed. Substitute materials should promote bone healing at 
the defect side and should allow for an adequate stability of the revised 
implants. In this study we have tested the initial stability of cemented 
acetabular cups after reconstructing a combined defect with impacted mixes 
of human bone grafts and TCP/HA particles. 
The acetabular revision surgery model we used in this study is a simplification 
of the human pelvic bone. Previously we performed mechanical tests using 
fresh cadaveric pelvic bones.23 However, the geometry and mechanical 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
90 
properties of the pelvic bones were not very reproducible. Therefore, the 
synthetic acetabulum models were considered more adequately to analyze the 
mechanical characteristics of biomaterial particles as done in this study. It 
was the same model we used in a previous study with cavitary defects.20 In 
comparison to the cavitary defect models, total migration was twice as high in 
this study. This can be explained by a twofold thicker superior grafts layer, in 
which the cups migrated during testing.  
An early migration of above 2 millimeters for the human grafts reference 
group seems high. Preferably, cup migration during the postoperative 1 to 2 
years should be as small as possible, although exact upper migration limits 
with RSA when using the bone impaction grafting technique remain 
uncertain.19 However, long-term survival of the cups is reported without a 
high number of failures,1 although it should be noted that a limited amount of 
severe acetabular defects were included. Especially when reconstructing large 
defects, an adequate initial stability may be more difficult to obtain. The 
rotation torque of 3 Nm was based on mathematical friction calculations made 
by Walker et al.24 Rotation of the cup was relatively small in all groups with 
no significant differences between them. 
Cemented cup reconstruction with impacted human bone grafts solely 
resulted in the highest tilt and the highest migration of the cup in this study. 
Adding TCP/HA particles to the human bone grafts significantly increased the 
stability of the cup in all series. This corresponds with previous findings.20 An 
explanation for the higher migration of the cups after reconstruction with 
human grafts in comparison to the mixes may be that human bone grafts 
were easier to deform in comparison to TCP/HA particles. Kuiper et al.25 
suggested that the stability of implants after defect reconstruction using the 
impaction grafting technique depended on deformation and sliding of the 
graft particles. Increasing the strength and stiffness of the particles can 
prevent deformation of the graft particles. A higher strength and stiffness of 
the particles may also be an explanation for the higher stability that was 
obtained after defect reconstruction with the solid mix versus the porous mix 
and with an increased TCP/HA ratio in the mix. Increasing the particle size 
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and the addition of clotted blood to improve cohesion of the particles may 
prevent sliding of the particles.  
Brewster et al.26 reported that optimal grading of particle size by adding small 
and very small synthetic bioglass particles to bone grafts prepared with a 
bone mill improved the mechanical performance of the reconstruction. It was 
suggested that the absolute particle size was less important than the grading, 
provided that excess fluid and fat were removed in order to allow for an 
adequate impaction. However, Verdonschot et al.23 obtained a higher stability 
of the acetabular cups after cavitary defect reconstruction with impacted 
large, nibbled bone grafts in comparison to small bone grafts prepared with a 
bone mill. Mixing TCP/HA particles with large bone grafts prepared with the 
rongeur or with small bone grafts prepared with the bone mill did not result in 
a significant difference in cup stability in this study. However, the results of 
the mix with the large bone grafts were more reproducible, indicating that 
using smaller bone grafts may be more surgical dependent. This corresponds 
with findings of Verdonschot et al.23 The introduction of TCP/HA particles may 
allow for a further increase in the reproducibility of the impaction grafting 
technique.20 Differences in bone quality of the donor femoral heads and 
preparation of the grafts can be overcome by a controlled manufacturing 
technique, although in this study the variance in the results with the mixes 
was comparable with the human grafts control group. 
Different particle size of the TCP/HA particles did not result in significant 
differences in initial stability of the cups in this study. However, reconstructing 
cavitary defects with large solid TCP/HA particles did result in a higher initial 
stability of the cups in comparison to small solid TCP/HA particles.20 An 
explanation for the contrasting results may be that porous particles were used 
in this study. During impaction both the small and the large porous particles 
were smashed into smaller fragments. It may be that the true difference in 
particle size after impaction as done clinically with a metal hammer between 
the initially small and large porous TCP/HA particles was minimal. This would 
explain the almost identical mechanical results of reconstructing the defect 
with both mixes. However, a potential problem, especially when using the 
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porous TCP/HA particles in bone impaction grafting, is the third-body wear 
caused by TCP/HA fragments. Wear particles can also occur due to abrasion 
and adhesion of highly worn areas27 and are associated with osteolysis and 
late loosening of the implants.28-30  
An optimal grafts layer should provide an adequate stability and should allow 
for revascularisation from the host bone. These are important factors that will 
lead to a good incorporation of the grafts layer, which defines the long-term 
survival of the cups. Cemented impaction grafting supports higher loads than 
the uncemented technique,31 depending on a consistent interdigitation of the 
bone cement. Cavitary defect reconstruction with TCP/HA particles solely 
resulted in an excellent stability of the cemented cups.20 This stability was, 
however, mainly due to a large amount of cement penetration, which in some 
cases even penetrated the spongiosa of the host bone. An excessive cement 
penetration will prevent revascularisation of the grafts layer from the host 
bone. We hypothesized that using mixes of TCP/HA particles and human bone 
grafts to reconstruct acetabular defects would limit the amount of cement 
penetration. In addition, this may improve osteoinductive and biomechanical 
properties of the grafts layer, although in this study the elastic deformation of 
the human bone grafts layer was significantly higher than all mixes of TCP/HA 
particles and human bone grafts. The amount of cement penetration was not 
measured quantitatively in this study. However, visual inspection showed that 
it was limited and did never reach the spongious layer of the acetabulum 
model. 
We conclude that the initial stability of acetabular cups after combined defect 
reconstruction can be augmented by mixing human bone grafts with TCP/HA 
particles using the bone impaction grafting technique. Mixing with porous 
TCP/HA particles decreased cup migration with 27% and mixing with solid 
TCP/HA particles with 55%. Especially in the reconstruction of large 
acetabular defects an increased initial stability may have positive effects on 
cup survival. However, some caution is warranted with the introduction of the 
TCP/HA particles in bone impaction grafting, as bone induction and 
remodeling properties may be different, which would affect the clinical long-
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term results. The excessive cement penetration as seen in previous studies 
with cavitary defects was not observed in this study. This may, however, be a 
problem when relatively small amounts of grafts are needed. From a 
biomechanical perspective mixes of human bone grafts and TCP/HA particles 
seem an attractive alternative to reduce the amount of human bone required 
in the reconstruction of large acetabular defects.  
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ABSTRACT 
Bone impaction grafting of the femur is associated with more complications 
when segmental defects are present. The effect of segmental defect repair on 
initial stem stability was studied in an in vitro study with fresh frozen goat 
femora. A standardized medial segmental defect was reconstructed using a 
cortical strut or a metal mesh. As controls we used intact femora and femora 
with a non-reconstructed defect. In all four groups impacted bone grafting 
was performed in combination with a cemented Exeter stem. Each group 
contained five femora. Reconstructions were dynamically loaded up to 1500N. 
Migration was measured with Roentgen Stereophotogrammetric Analysis. All 
cases with a non-reconstructed segmental defect failed into excessive varus 
rotation. None of the femora with a reconstructed defect failed. Cortical struts 
and metal meshes were equally effective in creating a stable stem 
construction (varus rotation 2.89±2.27 and 2.27±0.57, respectively). 
Reconstructions with a metal mesh were more reproducible, although the 
obtained stability was significantly lower (p<0.01) when compared to 
impaction grafting in an intact femur (varus rotation 0.58±0.36).  
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INTRODUCTION 
The loosening process of prostheses used in a total hip arthroplasty (THA) is 
accompanied by progressive bone stock loss. Removal of the failed 
components in a revision procedure may cause additional bone defects. The 
key problem in revision surgery is how to cope with these bone stock 
deficiencies. Several options have been suggested, including both cemented 
and uncemented techniques. Since 1979 bone impaction grafting in 
combination with cemented cups is used to reconstruct acetabular bone stock 
loss1,2 with good long-term results.3 Bone impaction grafting and cemented 
stem placement has been used on the femoral side since 1987 with promising 
mid-term results.4 However, the technique is demanding and variable clinical 
success rates have been reported.4-7 Most frequently reported complications 
on the femoral side are high early subsidence rates6,7 and a relatively high 
number of intra- and postoperative fractures, particularly when the technique 
is used in combination with cortical wall defects.6,8  
A prerequisite for using the bone impaction grafting technique adequately is 
containment of the defect. Therefore, cases with segmental defects require 
additional reconstruction of these defects before intramedullary bone 
impaction grafting can be performed. Metal meshes can be used to 
reconstruct segmental defects.9 Another option is the use of cortical onlay 
strut grafts.10-12 These strut grafts may revascularise and incorporate when a 
stable fit is achieved.10,13 Although both techniques are used clinically, data in 
literature are lacking on the stability of the femoral stems after 
reconstruction.  
Initial stability is an important factor in the long-term survival of an implant.14 
The purpose of this study is to determine whether the initial stability of an 
Exeter femoral stem is different after reconstruction of a standardized medial 
segmental defect in vitro with either a metal mesh or a cortical strut graft. 
Results were compared to cases with an untreated medial defect and cases 
with an intact cortical wall. Impacted morsellized bone grafts and a cemented 
stem placement were used to restore the intramedullary bone stock loss in all 
series. To simulate the femoral revision procedure reproducibly, 
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reconstructions were performed in matching left and right goat femora. Goat 
femora have been used in previous experiments as they are thought to be 
very relevant to a human revision situation.15 Roentgen 
Stereophotogrammetric Analysis (RSA) was used to measure migration during 
testing. 
 
MATERIALS AND METHODS 
Based on our experience in previous studies,15,16 we used ten pairs of fresh 
frozen femora of the Dutch milk goat (Capra Hircus Sana). We selected only 
those pairs with a minimal shaft diameter of fourteen millimeters to facilitate 
the impaction grafting technique. Preoperatively all included femora were 
radiologically examined for fractures. Pure trabecular bone grafts with a graft 
size of 2-5 millimeters were nibbled manually using a rongeur from the 
sternum of the included goats. No additional washing or defatting of the chips 
was performed. A pool of bone grafts was made for better reproducibility. The 
same pool was used in all reconstructions. The used strut grafts were also 
fresh frozen and obtained from the proximal femur of donor goats. 
 
Table 1: General overview of the testing groups. 
Group Composition 
Intact No medial defect present during testing 
Defect Medial defect not reconstructed during testing 
Strut Medial defect reconstructed with a strut graft during testing 
Mesh Medial defect reconstructed with a metal mesh during testing 
 
We tested four different series, consisting of five goat femora in each series 
(Table 1). All reconstructions were performed by an experienced surgeon 
(BWS). The intact and defect series were performed with matching left and 
right femora, as were the strut and mesh series. Strut and mesh 
reconstructions were performed at random. After harvesting, all femora were 
stored at –20 degrees Celsius until testing. All soft tissues were removed and 
the femoral head was resected. The femoral canal was prepared using a 
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femoral broach. The canal was cleaned with lavage and the size of the bone 
plug was measured. After the bone plug (X-change revision plug, Howmedica 
Int., Staines, UK) was inserted, a standardized medial segmental defect was 
made using a template in the defect, strut and mesh groups (Fig. 1A). The 
defect was categorized as a type 2C femoral defect by the classification of Pak 
and Paprosky17 with extensive posteromedial subtrochanteric metaphyseal 
bone loss. The defect extended 4.5 centimeters distally from the resection 
level and had a width of 2 centimeters. The size of the medial segmental 
defect was determined using two pilot series including the intact and defect 
groups that were completely analyzed before proceeding. We decided only to 
proceed with the strut and mesh groups when a significant difference in 
stability between the intact and defect series was found. The first pilot series 
were tested with the femora in anatomical position during loading.15,22 In this 
position the reconstructions were extremely stable and the failure mechanism 
was not reproducible. Therefore the defect was enlarged up to 70 % of the 
length of the stem in order to create a ‘worst-case-scenario’. 
 
 
A  B  C  
Figure 1: A standard defect of 4.5 centimeters distally from the resection level and a width of 
2 centimeters was made medial to the trochanter minor using a template (A). This defect was 
reconstructed using a metal mesh (B) or a cortical strut graft (C). 
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The defect was reconstructed by a strut graft in the strut series and by a 
metal mesh in the mesh series (Fig. 1B and 1C), which were fixated with 
three cerclage wires (diameter 1.0 mm). In both groups the cerclage wires 
were applied at the same levels. During impaction grafting, the defect in the 
defect series was temporarily bridged by a metal strut, which was removed 
before testing. Intramedullary bone impaction grafting was performed with a 
set of X-change instruments (Howmedica Int., Staines, UK). A central rod 
fixed to the bone plug was used as a guide. Several impactors were available 
including a stem phantom to impact the grafts both axially and radially. Bone 
cement (Surgical Simplex, Howmedica Int., Staines, UK) was injected 
retrogradely, followed by inserting the double tapered polished Exeter sheep 
stem with a centralizer. After preparation the femora were stored at 6 
degrees Celsius for at least 24 hours to allow for cement polymerization. 
 
0
300
600
900
1200
1500
0 30 60 90 120
time (minutes)
m
ax
im
al
 lo
ad
 (
N
)
135
 
Figure 2: Loading schedule of the femora. Four periods of loading with 600, 900, 1200 and 
1500 N respectively, followed by a recovery period. The dots indicate the RSA-photos. 
 
Mechanical testing was performed similar to previous experiments.15,16 
However, femora were loaded in an upright position in which the load was 
directly transferred to the reconstruction. In contrast to loading in an 
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anatomical position the failure mechanism was reproducible by these 
adaptations. Femora were fixated in a clamp under the MTS loading device. A 
dynamic load of 600, 900, 1200 and 1500 N (frequency 1 Hz), respectively, 
was applied to the femoral head. Each loading period lasted for 30 minutes 
(Fig. 2). After loading, the grafts layer could recover for 15 minutes. Failure of 
a reconstruction was defined as bone fractures and varus rotation of the 
prosthesis out of the bone bed.  
Roentgen Stereophotogrammetric Analysis (RSA) was used to measure 
migration of the femoral stem relative to the cortical bone in a 3-dimensional 
configuration during the tests. Seven RSA pellets were fixed to the femoral 
stem and nine pellets to the cortical bone. RSA-photos were taken before and 
after the dynamic load was applied and before and after the recovery period 
(Fig. 2). 
Statistical analysis was done using a Student t-test, significance at p<0.05. 
Matching femora were compared using a paired t-test. We used an unpaired 
t-test with unsimilar variance for comparing the non-matched femora. 
 
RESULTS 
All reconstructions in the defect group failed (at 900, 1200, 1200, 1500 and 
1500 N, respectively) during testing. One reconstruction in the intact group 
failed (at 1500 N). There were no failures in the strut and mesh series. All 
failed reconstructions had the same failure mechanism: from the bottom of 
the defect a cortical fracture occurred expanding distally over the medial 
cortex of the femur (Fig. 3). After failure the prosthesis pivoted out in medial 
direction in which a part of the proximal medial femur was destroyed. 
The dynamic load applied to the femoral head pushed the prostheses into 
varus rotation in all specimens. Results are shown in Table 2. The stems in 
the defect group showed a statistically significant higher mean varus rotation 
than the stems in the intact group. Both the strut and mesh series showed a 
lower mean varus rotation than the defect group. Due to a high standard 
deviation in the defect series, this difference was not statistically significant. 
Both the strut and mesh series showed a higher mean varus rotation than the 
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intact group. This difference was not significant for the strut group due to a 
relatively high standard deviation in this group. However, it was significant for 
the mesh group (p<0.05) in all cases when the load was above 600 N.  
 
 
 
Figure 3: Failure mechanism in all reconstructions. 
From the bottom of the defect a cortical fracture 
over the medial cortex 
 
The mean varus rotation of the stems in the strut and mesh series was not 
statistically significant. Two of the five tested reconstructions in the strut 
group produced a high varus rotation, which was two to three times as high 
as the varus rotation produced in the matching femora in the mesh group 
(Fig. 4). The other three reconstructions in the strut group produced less 
varus rotation, which was only half of the varus rotation produced in the 
matching femora in the mesh group. This led to a relatively high standard 
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deviation in the strut group (Table 2). The mesh group showed more 
reproducible results. 
 
Table 2: Varus rotation of the stem in degrees. The mean rotation with standard deviation 
and number of femora left during testing in all groups. 
 Intact Defect Strut Mesh 
time load mean sd n mean sd n mean sd n mean sd n 
0 0 0.00 0.00 5 0.00 0.00 5 0.00 0.00 5 0.00 0.00 5 
0 600 0.33 0.25 5 0.81 0.68 5 0.56 0.40 5 0.41 0.15 5 
30 600 0.30 0.26 5 1.26 0.76 5 0.66 0.48 5 0.49 0.17 5 
30 900 0.35 0.29 5 1.84 1.06 5 0.89 0.62 5 0.72 0.20 5 
60 900 0.36 0.31 5 3.08 2.73 4 1.10 0.75 5 0.94 0.24 5 
60 1200 0.46 0.34 5 2.57 1.64 3 1.37 0.93 5 1.16 0.27 5 
90 1200 0.48 0.41 5 3.61 2.11 3 1.73 1.21 5 1.51 0.29 5 
90 1500 0.52 0.43 5 3.39 2.12 2 2.17 1.65 5 1.74 0.31 5 
120 1500 0.58 0.36 4 - - 0 2.89 2.27 5 2.27 0.57 5 
120 0 0.35 0.26 4 - - 0 1.98 1.81 5 1.43 0.44 5 
135 0 0.33 0.23 4 - - 0 1.90 1.78 5 1.32 0.43 5 
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Figure 4: Mean varus rotation and SD after dynamic loading with 1500 N in intact, strut and 
mesh groups. All reconstructions in the defect group had failed. 
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The load also subsided the prostheses. Results are shown in Table 3. The 
mean subsidence at maximal load was less than 2 millimeters in all groups. 
None of the differences in subsidence between the groups were statistically 
significant, except the difference between the intact and defect groups just 
before failure in the defect group (p=0.04 after dynamic loading with 1200 N 
and p=0.02 at 1500 N). The intact and mesh series showed the most 
reproducible results as indicated by a low standard deviation. 
 
Table 3: Stem subsidence in millimeters. The mean subsidence with standard deviation and 
number of femora left during testing in all groups. 
  Intact Defect Strut Mesh 
time load mean sd n mean sd n mean sd n mean sd n 
0 0 0.00 0.00 5 0.00 0.00 5 0.00 0.00 5 0.00 0.00 5 
0 600 0.26 0.11 5 0.33 0.24 5 0.29 0.16 5 0.26 0.06 5 
30 600 0.40 0.20 5 0.54 0.26 5 0.38 0.22 5 0.30 0.04 5 
30 900 0.46 0.20 5 0.73 0.33 5 0.50 0.27 5 0.41 0.06 5 
60 900 0.54 0.15 5 0.96 0.47 4 0.71 0.42 5 0.64 0.10 5 
60 1200 0.62 0.16 5 1.00 0.44 3 0.82 0.47 5 0.71 0.09 5 
90 1200 0.79 0.15 5 1.49 0.60 3 1.24 0.78 5 1.02 0.21 5 
90 1500 0.87 0.22 5 1.76 0.53 2 1.41 0.92 5 1.12 0.25 5 
120 1500 1.14 0.14 4 - - 0 1.97 1.35 5 1.52 0.35 5 
120 0 1.22 0.27 4 - - 0 1.79 1.32 5 1.31 0.34 5 
135 0 1.24 0.28 3 - - 0 1.79 1.31 5 1.29 0.34 5 
 
With regard to mechanical characteristics we determined the elastic recovery 
and a time-dependent recovery of the grafts. The elastic recovery can be 
viewed as the cyclic micro-motion at the end of the loading period. It was 
calculated directly after the load had been removed (from 1500 N to ‘zero 
load’, Fig. 2). As all reconstructions failed in the defect group before the tests 
were completed, no recovery could be calculated. None of the differences in 
elastic recovery were significant. In all groups the time-dependent recovery 
during a period of 15 minutes was smaller than the measuring accuracy, 
which was about 0.10 millimeters.  
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DISCUSSION 
Revision surgery of failed total hip arthroplasties is accompanied by complex 
problems, especially when extensive bone stock loss is present. The key 
factors in revision surgery of the deficient femur are to enhance bone stock 
and create a stable prosthetic reconstruction. Both cemented and 
uncemented techniques have been suggested.9,18 Bone impaction grafting is a 
relatively new technique, which reconstructs the intramedullary bone stock.9 
Problems associated with this technique include a high early subsidence of the 
prosthesis and femoral fractures after reconstruction.6-8 In this study 
subsidence of the prosthesis was lower than two millimeters in all groups. 
Femoral fractures during loading after reconstruction were found in all femora 
with an untreated segmental defect and in one intact femur. 
Complications are reported more frequently when the impaction bone grafting 
technique is used in combination with segmental defects. On the femoral side 
segmental defects can be reconstructed with a metal mesh.9 However, since 
several years some surgeons prefer to use strut grafts as these struts may 
incorporate.13,17,19 In literature few data on the mechanical stability of femoral 
stems after segmental defect reconstruction are available. Head et al.19 report 
that strut grafts cannot be used for primary prosthetic support, but only as an 
augment. Stability may be obtained with cement or with a distally fixed 
prosthesis. However, distally fixed prosthesis can lead to proximal bone stock 
loss.20 Severe resorption of distally cemented proximal femoral allografts was 
reported by Haddad et al. after 8.8 years follow-up.21 Resorption of proximal 
strut grafts is an issue of concern as it may influence the long-term clinical 
results. Data on the stability of femoral prostheses after segmental defect 
reconstruction with a metal mesh are lacking. In this study we wanted to 
show the effect of the presence of a large segmental defect on stem stability 
and calculate if there was a different initial stability after reconstruction of the 
defect with either a strut graft or a metal mesh in combination with impaction 
bone grafting in a goat femur.  
Goat femora have been used in previous experiments with impacted 
morsellized bone grafts as they are thought to be very relevant to the human 
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situation.15,16 The femoral canal is wide enough to perform the grafting 
technique and the hard and smooth endosteal surface with little trabecular 
bone is similar to the sclerotic endosteum encountered in revision surgery. A 
medial segmental defect in the femur reduces prosthetic stability of the stem. 
All five reconstructions in the defect group failed into excessive varus rotation. 
Segmental defect reconstruction with either a strut graft or a metal mesh was 
beneficial to the stability of the prosthesis. None of the reconstructions in 
both the strut and mesh groups failed under loads up to three times body 
weight. However, the obtained stability after reconstruction was lower in 
comparison to bone impaction grafting in an intact femur. This corresponds 
with clinical findings.6,8 
There was no significant difference in the stability of the femoral stem 
between the strut group and the mesh group. It should, however, be noted 
that three of the five femora reconstructed with a strut graft showed a varus 
rotation that was lower than in the matching femora which were 
reconstructed with a mesh. In two femora of the strut series the varus 
rotation was much higher. The stability of the reconstruction with a strut graft 
seemed to depend on the size and shape of the struts. Especially a sufficient 
width for a stable distal fit was needed. Head et al.19 suggested that strut 
grafts should be made from the anterior tibia as they conform better to the 
femur than struts made from the femur itself. Struts that ideally cover the 
defect might result in a higher stability in comparison to a metal mesh. When 
the fit is sub-optimal the stability may be less. Reconstruction with a metal 
mesh was technically less difficult and led to more reproducible results. 
We conclude that the presence of a large medial segmental defect in the 
femur clearly reduces prosthetic stability. Strut grafts and metal meshes were 
equally effective in creating a stable stem construction. From a biomechanical 
view the metal meshes seem favorable when an adequate fit of the strut graft 
and host bone is difficult to achieve. From a biological point of view, however, 
the reconstruction with a strut graft seems very attractive as the struts can be 
revascularised from the host bone and may even be incorporated. On the 
other hand, the presence of a large structural graft may interfere with the 
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revascularisation and, subsequently, the incorporation of the underlying 
impacted bone grafts. Metal meshes have an open structure, which could 
allow for an easier revascularisation of the impacted grafts. 
 
ACKNOWLEDGEMENT: 
This study was supported in part by Howmedica Int., Staines, UK. 
 
 
REFERENCES:  
1. Slooff TJ, Huiskes R, Van Horn J, Lemmens A: Bone grafting in total hip replacement for 
acetabular protrusion. Acta Ortop Scand 55:593, 1984 
2. Slooff TJJH, Schimmel JW, Buma P: Cemented fixation with bone grafts. Orthop Clin 
North Am 24:667, 1993 
3. Schreurs BW, Slooff TJJH, Buma P, Gardeniers JWM, Huiskes R: Acetabular 
reconstruction with impacted morsellized cancellous bone graft and cement. J Bone Joint 
Surg Br 80:391, 1998 
4. Gie GA, Linder L, Ling RS, Simon JP, Slooff TJJH, Timperley AJ: Impacted cancellous 
allografts and cement for revision total hip arthroplasty. J Bone Joint Surg Br 75:14, 
1993 
5. Elting JJ, Mikhail WE, Zicat BA, Hubbell JC, Lane LE, House B: Preliminary report of 
impaction grafting for exchange femoral arthroplasty. Clin Orthop 319:159, 1995 
6. Meding JB, Ritter MA, Keating EM, Paris PM: Impaction bone-grafting before insertion of 
a femoral stem with cement in revision total hip arthroplasty: A minimum two-year 
follow-up study. J Bone Joint Surg Am 79:1834, 1997 
7. Eldridge JDJ, Smith EJ, Hubble MJ, Whitehouse SL, Learmonth ID: Massive early 
subsidence following femoral impaction grafting. J Arthroplasty 12:535, 1997 
8. Pekkarinen J, Alho A, Lepistö J, Ylikoski M, Ylinen P, Paavilainen T: Impaction bone 
grafting in revision hip surgery: A high incidence of complications. J Bone Joint Surg Br 
82:103, 2000 
9. Gie GA, Linder L, Ling RS, Simon JP, Slooff TJJH, Timperley AJ: Contained morselized 
allograft in revision total hip arthroplasty: Surgical technique. Orthop Clin North Am 
24:717, 1993 
10. Gross AE, Allan DG, Lavoie GJ, Oakeshott RD: Revision arthroplasty of the proximal 
femur using allograft bone. Orthop Clin North Am 24:705, 1993 
11. Allan DG, Lavoie GJ, McDonald S, Oakeshott R, Gross AE: Proximal femoral allografts in 
revision hip arthroplasty. J Bone Joint Surg Br 73:235, 1991 
12. Emerson RH Jr, Malinin TI, Cuellar AD, Head WC, Peters PC: Cortical strut allografts in 
the reconstruction of the femur in revision total hip arthroplasty. A basic science and 
clinical study. Clin Ortop 285:35, 1992 
13. Head WC, Malinin TI: Results of onlay allografts. Clin Orthop 371:108, 2000 
14. Kärrholm J, Borssén B, Löwenhielm G, Snorrason F: Does early micromotion of femoral 
stem prostheses matter? 4-7 year stereoradiographic follow-up of 84 cemented 
prostheses. J Bone Joint Surg Br 76:912, 1994 
15. Schreurs BW, Buma P, Huiskes R, Slagter JLM, Slooff TJJH: Morsellized allografts for 
fixation of the hip prosthesis femoral component: a mechanical and histological study in 
the goat. Acta Orthop Scand 65:267, 1994 
16. Schreurs BW, Huiskes R, Slooff TJJH: The initial stability of cemented and noncemented 
femoral stems fixated with a bone grafting technique. Clin Mat 16:105, 1994 
17. Pak JH, Paprosky WG, Jablonsky WS, Lawrence JM: Femoral strut allografts in 
cementless revision total hip arthroplasty. Clin Orthop 295:172, 1993 
18. Buoncristiani AM, Dorr LD, Johnson C, Wan Z: Cementless revision of total hip 
arthroplasty using the anatomic porous replacement revision prosthesis. J Arthroplasty 
12:403, 1997 
Chapter 7: The initial stability of an Exeter femoral stem after impaction bone grafting in 
combination with segmental defect reconstruction. 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
109
19. Head WC, Malinin TI, Mallory TH, Emerson RH Jr: Onlay cortical allografting for the 
femur. Orthop Clin North Am 29:307, 1998 
20. Keaveny TM, Bartel DL: Mechanical consequences of bone ingrowth in a hip prosthesis 
inserted without cement. J Bone Jt Surg Am 77:911, 1995 
21. Haddad FS, Spangehl MJ, Masri BA, Garbuz DS, Duncan CP: Circumferential allograft 
replacement of the proximal femur. A critical analysis. Clin Orthop 371:98, 2000 
22. Bergmann G, Siraky J, Rohlmann A: A comparison of hip joint forces in sheep, dog and 
man. J Biomech 17:907, 1984 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
110 
 
 
 
Chapter 8 
Segmental defect reconstruction with a strut graft 
reduces revascularization of impacted bone grafts 
in the femur. 
 
 
S.B.T. Bolder, B.W. Schreurs, N. Verdonschot, 
R.P.H.Veth, P. Buma 
 
 
 
 
 
 
Clinical Orthopaedics and Related Research, accepted 
 
Defect reconstruction with impacted morsellized bone grafts in total hip arthroplasty 
 
111
 
 
 
 
ABSTRACT 
Segmental defects can be reconstructed with a cortical strut or a metal wire 
mesh when using bone impaction grafting in the femur. We hypothesized that 
structural grafts would negatively influence revascularization of the underlying 
impacted grafts as compared with an open wire mesh. A standardized large 
medial wall defect was reconstructed with a strut or a mesh in six goats per 
group. In all femurs impaction grafting was done in combination with a 
cemented collarless double-tapered highly polished Exeter stem. After 6 
weeks the femurs were harvested. A high rate of periprosthetic fractures was 
observed (three of seven and two of six for the strut and mesh groups, 
respectively). Histologic analysis showed different revascularization and tissue 
ingrowth patterns for both reconstruction techniques. In the strut group, 
fibrous tissue ingrowth was limited to the edges of the defect. Medially behind 
the strut no or limited fibrous tissue ingrowth was found. In the mesh group, 
fibrous tissue and blood vessels penetrated the mesh and a superficial zone of 
revascularized grafts was observed. Although revascularization, concomitant 
graft resorption and bone incorporation may compromise the stability of the 
stem after surgery, the long-term stability of the stem probably is best 
guaranteed by graft incorporation. 
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INTRODUCTION 
In complex primary and revision hip surgery, bone stock deficiencies 
frequently are encountered. Several reconstruction techniques have been 
suggested, including the bone impaction grafting technique advocated by 
Slooff et al29 and Gie et al.8 The aim of this technique is to obtain stable 
implant fixation, to restore normal hip biomechanics, and in the long-term, a 
normal revitalized bone with an original anatomy.  
Clinical results have been satisfying on the acetabular2,21,28,34 and 
femoral6,8,12,15,32 sides. However, some authors have reported a high incidence 
of complications, particularly on the femoral side, and especially when the 
technique is used in combination with segmental defects.4,5,13,18,19,23 Most 
reported complications are high subsidence rates and periprosthetic fractures. 
Originally, in patients with a deficient cortical wall the bone impaction grafting 
technique was used in combination with metal meshes.9 Another option is to 
reconstruct segmental defects with a cortical strut graft.7,10 Bolder et al3 
showed, in an in vitro goat study, that segmental defect repair is required for 
adequate initial stem stability. In combination with bone impaction grafting, 
cortical struts and metal meshes were equally effective in creating a stable 
stem construction, although the obtained stability was inferior relative to bone 
impaction grafting in an intact femur.3 
Few studies are available on the incorporation of femoral bone impaction 
grafting under struts or meshes.14,16 In general, blood vessels and fibrous 
tissue from the host invade the impacted grafts layer in the first weeks after 
surgery11,14,16,17,25,27,30,33 to ensure sufficient host parameters for graft 
incorporation. Mechanically, reconstructions with a strut showed more 
variability.3 However, from a biologic view, struts seem to be a more 
attractive option in the treatment of segmental defects of the femur than 
meshes, as struts also can be revascularized in vivo and may incorporate in 
the long term.7,10  It is unknown to what extent the presence of a structural 
graft may interfere with revascularization of the underlying impacted grafts in 
comparison with an open wire mesh when used in combination with bone 
impaction grafting.  
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We hypothesized that the strut graft technique used for reconstruction of a 
medial segmental defect in the femur will decrease the ingrowth of host 
tissue into the impacted graft under the reconstruction. 
 
MATERIAL AND METHODS 
Based on earlier experience,27 femoral reconstructions were done in adult 
Dutch milk goats (Capra Hircus Sana). The same critical-sized medial wall 
defect as used in the biomechanical in vitro study3 was used in vivo. Femoral 
reconstructions with impaction bone grafting were done in 12 goats (55-76 
kg). In six goats, the segmental defect was reconstructed with a cortical strut. 
In six goats, a metal mesh was used to contain the defect. The ethical 
committee of our institution approved the study. 
Pure cancellous bone grafts were obtained from the sternum of donor goats 
under sterile conditions. To improve the reproducibility, a pool of bone grafts 
was made from several donor goats. Strut grafts were obtained from the 
proximal femur of the donor goats. After harvesting, the bone grafts and the 
cortical struts were stored at –80 OC until use. Bacterial cultures of the 
cancellous bone grafts and the cortical struts were taken.  
Femoral reconstructions were done similar to earlier goat studies.3,27 The 
goats were anesthetized while lying on their left side. The right hip was 
shaved and sterilized with an ethanol-iodide solution. Through a 
posterolateral approach the hip was exposed. The hip was dislocated and the 
femoral head was removed. The femoral shaft was cleared using a special set 
of instruments for the goat, similar to the Howmedica X-Change Revision set 
(Stryker Howmedica Osteonics, Newbury, United Kingdom). This set was used 
in earlier experiments to develop the X-Change femoral system.27 Two 
femoral broaches were available. The femoral canal was lavaged and the 
cement plug was measured. The bone restrictor (X-Change Revision plug) 
was inserted. The central rod of the femoral impaction system was attached 
to the plug and was used as a guide. The femur was filled with impacted 
morselized bone grafts up to the most distal level of the segmental defect 
before creating the medial wall defect. A standardized medial segmental 
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defect was made using a template after the distal impaction (Fig 1). The 
defect was similar to the defect in the biomechanical study3 and was 
categorized as a type 2C femoral defect by the classification of Pak et al22 
with extensive posteromedial subtrochanteric metaphyseal bone loss. The 
defect extended 4.5 cm distally from the resection level and had a width of 2 
cm. The segmental defect was reconstructed with a strut graft or a metal 
mesh, which was fixed with three cerclage wires (diameter 1 mm). In all 
goats, the cerclage wires were applied at the same level. We aimed to let the 
strut and mesh overlie the defect for 5 to 7 mm on both sides. After 
segmental defect reconstruction, the proximal femur was filled with impacted 
cancellous bone chips. Several impactors were available including a stem 
phantom to impact the grafts axially and radially. Bone cement (Surgical 
Simplex, Stryker Howmedica Osteonics, Newbury, United Kingdom) was 
injected retrogradely 3.5 minutes after adding the powder to the monomer, 
followed by inserting the collarless double-tapered polished Exeter sheep 
stem with a centralizer 5 minutes after mixing. The stem used in this study 
was specially made for use in animal experiments. 
 
 
 
Fig 1: (A) The medial wall defect in the proximal femur is shown. The defect was 
reconstructed with (B) a strut or (C) a metal mesh. Impacted cancellous bone grafts were 
used to reconstruct the femoral canal in both groups 
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Postoperative treatment included nonweightbearing care in a hammock for as 
much as 1 week. After 1 week, full weightbearing was allowed in a separate 
cage. Clinical followup was assessed daily. The goats were euthanized after 6 
weeks. The goats received intravital fluorochromes (calcein-green 20 mg/kg) 
on days 35 and 41. 
All goats received heparin 200 U/kg intravenously to prevent clotting of the 
blood before euthanasia. All goats were euthanized with an overdose of 
pentobarbital (Ceva sante, Animal BV, Maassluis, The Netherlands). Lower 
body perfusion with barium sulphate (Micropaque Suspension®, Codali 
Guerbet, Brussels, Belgium) was done to analyze revascularization in the graft 
with microangiography.24 The descending aorta and the vena cava inferior 
were cannulated and the lower body was perfused with 1 L of 30% barium 
sulphate in saline, followed by perfusing the lower body with 1 L of 15% 
barium sulphate in a phosphate-buffered solution of 4% paraformaldehyde. 
After perfusion of the lower body, femurs and surrounding soft tissue were 
harvested by careful exarticulation in the hip and knee and stored in a 70/30 
mixture of ethanol 96% and 4% buffered paraformaldehyde solution for 24 
hours. After 24 hours, excess soft tissue was removed and fixation was 
continued in a 4% buffered paraformaldehyde solution. 
All femurs were serially sectioned with thin carbon blades on a water-cooled 
saw (Wolfgang Conrad fine Mechaniek, Clausthal Zellerfeld, Germany) in 2 
mm slices. Three levels were examined in detail (Fig 2): a proximal level 2 to 
6 mm distal of the proximal edge of the mesh, a level 2 to 6 mm proximal of 
the distal edge of the defect and a level 2 to 6 mm distal to the tip of the 
prosthesis. Sawing was done with the stem in situ. At each level, three 
consecutive slices were taken for routine histologic analysis, fluorescence 
microscopy and microangiography, respectively. After making contact 
radiographs, the wire mesh and the stem were removed in slices for routine 
histology. After decalcification in 25% EDTA the slices were embedded in 
PMMA. During this process, the bone cement was dissolved. Sections of 7 µm 
were stained with hematoxylin and eosin. All sections were examined by two 
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authors (SBTB, PB). A consensus opinion was made on the boundary of the 
fibrous tissue ingrowth into the graft. For fluorescence microscopy, the slices 
were dehydrated with graded ethanol. Slices were embedded in Epon 812 
(Merck KgaA, Darmstadt, Germany) and sawing sections of 30 µm were 
made. Slices for microangiography were decalcified with 5% formic acid. 
Microradiograms of the 2-mm slices were taken with an x-ray diffraction 
spectrophotometer (Philips PW 1120, Philips, Eindhoven, The Netherlands). 
 
 
 
Fig 2: Radiographs of the reconstructions with a strut (s) or a mesh (m) are shown. The 
bottom of the defect is indicated (b). A-C shows the section level for histologic examination 
from proximal to distal. 
 
Histomorphometric examination was done with analySIS Software, version 3.2 
(Soft Imaging System GmbH, Münster, Germany). The total graft area (in 
mm2) beneath the strut or mesh was scored in the proximal histologic 
sections. The hematoxylin and eosin stained sections were used for 
quantitation of areas with fibrous tissue ingrowth in the graft (in mm2). The 
percentage of revascularized graft was calculated by dividing areas with 
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fibrous tissue by the total graft area beneath the strut or mesh. A similar 
procedure was done for the medial third part of the impacted graft behind the 
strut or mesh (Fig 3 and 4) to reduce the effect of revascularization of the 
graft by the host femur at the edges of the defect. Statistical analysis was 
done using the Mann-Whitney test. 
 
RESULTS 
Fourteen goats were scheduled for surgery. In each group one goat was 
excluded because of early death. Each was replaced. In the group with 
segmental defect reconstruction with a metal mesh, one goat died on the 
third postoperative day from massive pulmonary infection. We decided to 
replace this goat because its death was not related to the surgical variable. 
However, the newly included goat could not be operated on because of foot 
and mouth disease with prohibition of animal transport, leaving only five 
goats in the mesh group. In the group with segmental defect reconstruction 
with a cortical strut, one goat had a periprosthetic fracture after trauma when 
leaving the cage and the goat was euthanized 5 days after surgery. This goat 
was replaced.  
In each group, the main complication observed during clinical followup was a 
periprosthetic fracture at the tip of the prosthesis. In the mesh reconstruction 
group, four of the five goats started full weightbearing 7 to 10 days after 
surgery. One goat had a dropping foot postoperatively because of sciatic 
nerve stretching, but was able to walk with partial weightbearing on the right 
foot. The goats had a slight (three goats), moderate (one goat), or severe 
(one goat) limp. In two goats the limp was progressive after 4 weeks. At 
euthanasia both goats with a progressive limp had a periprosthetic femoral 
fracture with massive callus formation. In the strut reconstruction group one 
goat fell on the tenth postoperative day, but started partial weightbearing 
after the fall. There were no clinical signs of fracture except for partial 
weightbearing and this goat was included. Four goats started full 
weightbearing 7 to 11 days after surgery. Two goats were able to walk with 
partial weightbearing. The goats had no (one goat), slight (three goats), 
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moderate (one goat), or severe (one goat) limp. In one goat the limp was 
progressive during the last week. In the goat with the progressive limp and in 
the goat that fell, periprosthetic fractures were seen at euthanasia.  
Macroscopic observation of the contact radiographs of the bone slabs showed 
an impacted graft layer of at least 4-mm thickness behind the strut and the 
mesh. The fractured femurs showed a high amount of callus formation. 
Consolidation of the fractures was seen in all fractured femurs. The prosthesis 
was well positioned in all femurs with a thin cement mantle on the lateral 
side. The femoral canal was filled with various amounts of bone cement in the 
distal slices. 
 
 
Fig 3: (A) A section of the impacted grafts layer under the mesh is shown. The metal mesh 
has been removed before sectioning, and the bone cement was dissolved during processing. A 
superficial zone of fibrous tissue penetrated the graft. (B) On the schematic drawing, the 
revascularized areas (dark) and medial third part are indicated. 
 
Histologic analysis showed that fibrous tissue ingrowth in the impacted graft 
layer was decreased in the strut graft reconstruction. Sections from the 
proximal level showed necrotic graft remnants and various amounts of fibrous 
ingrowth under the struts and meshes. Differences between vital 
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revascularized fibrous tissue and necrotic graft and fibrin remnants were 
clearly visible in sections stained with hematoxylin and eosin. The transition 
between these two tissue types was rather sharp. In the reconstructions with 
the metal mesh a superficial zone of ingrowth was visible throughout the 
impacted grafts layer (Fig 3). In the reconstructions with a strut, fibrous 
ingrowth from the host occurred only from the edges of the defect, probably 
using the gap between strut and host bone (Fig 4). Medially no fibrous 
ingrowth was seen and only necrotic graft remnants were visible.  
 
 
 
Fig 4: (A) A section of the impacted grafts layer under the strut is shown. Fibrous tissue 
invades the graft from the edges of the defect. Medially under the strut no fibrous tissue was 
observed. (B) On the schematic drawing, the revascularized areas (dark) and medial third 
part are indicated. 
 
Sections from the middle level showed a smaller amount of impacted grafts, 
which were invaded by fibrous tissue. Sections from the distal level showed a 
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various amount of necrotic, nonrevascularized graft remnants. Irrespective to 
the location, fibrous ingrowth never reached the bone-cement interface in 
both groups. Fluorescence microscopy showed no signs of new bone 
formation after 6 weeks behind the strut or mesh in the medial defect. 
Beginning new bone formation only was seen in the impacted graft with direct 
contact with the host femur on the mediolateral and posterolateral sides. 
The extent of necrosis of the cortical bone varied dependent on the location, 
but was not dependent on reconstruction with strut or mesh. The inner 50% 
endosteal part of the cortical wall was always necrotic. Proximally, near to the 
defect site the cortical bone was almost completely necrotic and a reduced 
periosteal repair of the host cortical bone was seen in most cases. At all other 
locations a hypertrophic periosteal reaction was observed. All goats with a 
femoral fracture had enormous periosteal callous repair in these sections with 
a large amount of fibrous ingrowth in the impacted grafts. In all 
reconstructions with a strut, a bony bridge from the host femur to the strut 
was seen, particularly in the sections from the middle level. No signs of 
revascularization, incorporation, or bone apposition on the struts were 
observed.  
Microangiography showed a perfusion pattern of the impacted grafts that 
overlapped the area of fibrous tissue ingrowth as was observed in the 
hematoxylin and eosin stained sections. Host blood vessels penetrated the 
graft from the edges, around the strut graft in the femurs with segmental 
defect reconstruction with a strut. On the edges of the defect revascularized 
graft was observed. Blood vessels penetrated through the open wire mesh 
from the soft tissue in the reconstructions with a metal mesh. A superficial 
zone of revascularized impacted grafts was observed. In both groups, the 
blood vessels did not penetrate the entire graft and the bone grafts near to 
the cement remained nonvascularized. 
Histomorphometric examination showed that the percentage of new vital 
tissue ingrowth in the goats with segmental defect reconstruction with a 
cortical strut was smaller than the goats with segmental defect reconstruction 
with a metal mesh (Table 1). This difference was not statistically significant 
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when the percentage of revascularized graft was calculated as a percentage 
of the total graft (p = 0.13). This difference was statistically significant in the 
medial third part where tissue ingrowth from the host femur was minimal (p 
= 0.004).  
 
Table 1: Amount of Revascularized Graft Areas in the Strut and Mesh Groups 
Revascularized graft areas are shown as a percentage of the total grafts layer and as a 
percentage of the medial third part. 
Area Strut Graft Metal Mesh 
Total graft area 13.9% (6.1-23.0) 29.3% (5.2-54.1) 
Medial third part 0.2% (0.0-0.9)* 28.9% (1.2-57.3)* 
* statistically significant difference in Mann-Whitney test (p=0.004) 
 
DISCUSSION 
Several authors reported a high incidence of complications with impaction 
grafting on the femoral side,4,5,13,18,19,23 especially when the technique is used 
in combination with segmental defects. Clinical results in femoral impaction 
grafting depend on surgical, mechanical, and histologic factors. Firm 
impaction of cancellous allografts should provide adequate initial stability of 
the implant.12,21 The presence of a segmental defect significantly decreased 
initial stem stability on the femoral side.3  
The segmental defects were reconstructed with a strut graft or a metal mesh. 
In vitro, struts and meshes were equally effective in creating a stable stem 
reconstruction in combination with impaction grafting in the femur.3 The 
effect of segmental defect reconstruction on the revascularization of the 
impacted bone grafts under the reconstruction is unknown. Ingrowth of blood 
vessels and fibrous tissue from the host is required for bony healing in the 
long term. We hypothesized that the presence of a structural graft might 
decrease the ingrowth of host tissue into the impacted graft in contrast to an 
open wire mesh. 
Incorporation of morselized bone grafts can be divided in an early phase of 
new bone formation and a late phase of remodeling.33 The current study 
focused on the early phase of incorporation in a deficient goat femur model 
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and only one time was measured. The true outcome in the long term can only 
be determined in a study with a longer followup. We only did reconstructions 
with a medial defect in the calcar region of the femur. No segmental defects 
on the lateral side of the femur were done in this study. Growth factors are 
important in the early phase of incorporation, but were not measured in this 
study. 
One of the philosophies of bone impaction grafting includes the incorporation 
of impacted bone grafts in the long term. In contrast to animal studies25,27 
and human retrievals on the acetabular side,11,33 long-term femoral 
incorporation was incomplete in humans,14,16,20,31 even in well-functioning 
patients.14 Under the metal mesh, the cortical wall regenerated. Beneath the 
cortical bone, viable bone and fibrous tissue were seen in an interface zone. 
Necrotic graft remnants were present near the bone cement years after 
surgery. Most retrievals were from older patients with a deficient femur and a 
mesh reconstruction, which may partially explain the incomplete 
incorporation.14,16,20 
Results from this study indicate that new bone formation is reduced in femurs 
with a segmental defect in comparison with previous goat studies with an 
intact femur.27 No new bone formation was observed in either group in this 
study. Impaction grafting in an intact femur did result in new bone formation 
proximally after 6 weeks followup in an in vivo goat study.27 Results from a 
pilot study with a followup of 12 weeks in two goats with the same defect and 
reconstructed with a mesh indicated that progression of the ingrowth zone in 
at least the mesh group can be expected. However, in contrast to 12 week-
results in an intact femur, a large amount of graft resorption was observed 
with minimal new bone formation. Bone graft incorporation in a deficient 
femur with impaired vascularity seemed to be a different biologic process 
than impaction grafting in an intact femur. Intramedullary broaching and 
stripping of the femur at the outer side to allow for segmental defect 
reconstruction have a dramatic effect on the vascularity of the femur. 
Stripping of the periosteum especially seemed to have a destructive effect on 
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the regeneration process. Results of histologic examination in human 
retrievals with an intact femur are unknown. 
The technique used for segmental defect reconstruction had an effect on the 
initial host response in the first weeks after surgery. The total amount of 
tissue ingrowth was smaller after defect reconstruction with a cortical strut in 
comparison with an open wire mesh after 6 weeks followup. A decreased rate 
of revascularization may have an effect on the rate of incorporation of the 
impacted grafts in the long term. Some authors doubt whether the 
incorporation process of impacted bone grafts is needed for a satisfying long-
term clinical outcome and claim that complete incorporation might be 
associated with loosening of the implants.1,14 However, we think that 
incorporation of impacted bone grafts is an important factor in the long-term 
clinical outcome.26 In our clinic, successful outcome of acetabular 
reconstructions28 was associated with almost complete incorporation of the 
bone grafts.33  
On the basis of a bone conduction chamber study, Tägil and Aspenberg30 
suggested that a composite of bone cement and necrotic nonrevascularized 
grafts strengthened by fibrous ingrowth from the host may uphold mechanical 
strength in the first period after surgery when different stages of graft healing 
are present. It is debatable whether the mechanical strength of such a 
composite will remain strong enough to withstand forces in the long term. 
Therefore, complete incorporation of the grafts is needed. In this study, 
revascularization and fibrous ingrowth into the impacted grafts behind the 
strut and mesh were observed. The pattern of fibrous ingrowth and results 
from the microangiography were similar, indicating that invasion of blood 
vessels and fibrous tissue was a similar process. The technique used for 
segmental defect reconstruction had an effect on the revascularization 
pattern. A superficial zone of revascularized grafts with fibrous ingrowth was 
observed after defect reconstruction with a metal mesh. The presence of a 
structural graft hampered early invasion of the impacted graft by blood 
vessels and fibrous tissue. Only at the edges of the defect revascularized 
areas were seen, whereas medially behind the strut the impacted grafts were 
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nonrevascularized in all cases. The absence of fibrous armoring may result in 
decreased stability in the early phase after surgery after segmental defect 
reconstruction with a strut. On the medial side, this might lead to varus 
rotation and subsidence of the stem.  
Regardless of the technique used for segmental defect reconstruction, the 
major complication in this animal study was a femoral periprosthetic fracture 
in 38% of the goats. In all femurs with a periprosthetic fracture, a healing 
response was found near the fracture site. The proximal reconstruction was 
not harmed by the fractures and the histologic observations made in the 
femurs with fractures were similar to the histologic results in the femurs 
without fractures. Therefore, we think that the presence of a periprosthetic 
fracture did not influence graft revascularization in the proximal part of the 
femur. The high number of periprosthetic fractures can be explained partly by 
the critical-sized segmental defect that was created up to 70% of the length 
of the stem. In this study three of seven (43%) reconstructions had a femoral 
fracture in the strut reconstruction group. Surprisingly, goats continued 
walking with weightbearing even on a fractured femur. Clinically no fracture 
was expected in any goat, except the one goat that was euthanized after a 
fall and was excluded from the results. Control radiographs only can be made 
with goats under general anesthesia and were not made regularly. The only 
observation in the goats with a femoral fracture at euthanasia was a 
progressive limp. Although a fall was responsible for two of the five fractures 
in this study, the reconstructed femur offered insufficient stability for full 
weightbearing in both groups. The combination of a necrotic cortex after 
surgery and a stress peak arising from the inserted stem in combination with 
the segmental defect probably played a major role. Furthermore, it is known 
that a temporary cortical bone weakness during creeping substitution starts 
approximately 3 weeks after necrosis.17 Because the exact point of the 
fractures was unknown, this might have played an additional role. In humans, 
a regimen of restricted loading should be used for a longer period, which was 
not possible in the goats. A long-stem prosthesis to provide for a better 
stability in cases with large defects can be used in humans.  
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Segmental defect reconstruction with a cortical strut graft significantly harms 
revascularization of the underlying impacted grafts. We recommend using an 
open wire mesh for segmental defect reconstruction in combination with 
impaction grafting of the femur to allow for optimal revascularization in an 
area with impaired vascularity. However, in some situations, depending on 
the type and extent of the bone defect in the patient, strut grafts are 
preferable for mechanical reasons. Regardless of the technique used for 
reconstruction, a regimen of restricted weightbearing and long-stem 
prostheses should be used in a severely defective femur. 
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SUMMARY 
Total hip arthroplasty (THA) has been one of the great fortunes in medicine 
over the last decades. It has been a cost-effective procedure with excellent 
clinical results. However, this success has induced an enormous increase in 
the number of hip arthroplasties performed. Also the indications for THA have 
expanded. More difficult cases in younger patients are treated with THA. Bone 
defects due to primary hip disease, the loosening process of the prosthetic 
components or procedures to remove failed implants are frequently 
encountered. A major challenge in current hip surgery is how to manage the 
bone defects found in primary and revision hip surgery.  
The bone impaction grafting technique has been used in clinical practice on 
the acetabular side since 1979 and on the femoral side since 1987 with 
satisfying clinical results. The aim of this technique is to restore bone defects 
at the anatomical hip center with tightly impacted morsellized bone chips in 
combination with a cemented implant. The host bone supplies blood vessels 
and viable bone cells, which will penetrate the graft. Osteoclasts will resorb 
necrotic graft remnants and osteoblasts will form new woven bone. A process 
of remodeling of the newly formed bone into its characteristic structure will 
lead to the biological repair of the defect site in the years after surgery. 
Factors that influence graft incorporation are multifactorial and both graft and 
host related. Multiple factors are under investigation and may lead to a better 
understanding of the incorporation process itself in the future. 
In this thesis it was shown that satisfying clinical results can be obtained with 
the bone impaction grafting technique in primary and revision acetabular 
reconstructions (Chapters 2 and 3). Firm impaction of relatively large-sized 
bone grafts is needed for an optimal stability of the cup (Chapter 4). Due to a 
worldwide limited availability of human bone and the risk of virus transfer, 
alternative materials for human bone are considered. However, the 
introduction of tricalciumphosphate-hydroxyapatite (TCP/HA) particles as a 
bone graft substitute in acetabular reconstructions with bone impaction 
grafting was not recommended because of a high amount of cement 
penetration in the reconstructions (Chapter 5). However, from a 
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biomechanical view a mix of TCP/HA particles and bone grafts seems an 
attractive bone graft extender to decrease the amount of bone grafts needed 
in the reconstructions and to augment the initial stability of the cup (Chapter 
6). 
On the femoral side the bone impaction grafting technique is associated with 
more complications. The presence of a medial wall defect decreases initial 
stability of the stem when applying the bone impaction grafting technique 
(Chapter 7). The decreased stability even after reconstruction in combination 
with a necrotic cortex and an impaired revascularization of the bone grafts in 
the defective femur may explain the higher problem rates with bone 
impaction grafting on the femoral side as reported in literature. Restoring a 
medial wall defect with a metal mesh resulted in more reproducible stability 
results of the reconstruction with a higher amount of revascularization of the 
underlying impacted bone grafts in comparison with defect reconstruction 
with a cortical strut graft (Chapters 7 and 8). In femoral reconstructions with 
a medial wall defect, a metal mesh is recommended to restore the wall 
defects in combination with long-stem implants to bypass weak spots. A 
regime of limited weight-bearing after surgery should be used. 
 
GENERAL DISCUSSION 
In answer to the aims of this thesis as presented in Chapter 1: 
1. To report the clinical and radiological results of patients treated 
with bone impaction grafting to indicate the true value of the 
technique in the restoration of acetabular bone defects. 
The clinical and radiological results indicate the true tribute of any 
reconstructive technique in clinical practice. Results of defect reconstruction 
with bone impaction grafting on the acetabular side36 in primary (Chapter 2) 
and revision (Chapter 3) hip surgery are described in this thesis. The bone 
impaction grafting technique is a safe and adequate technique to restore 
bone deficiencies of the acetabulum. In our view, the bone impaction grafting 
technique can be used in all cavitary and combined cavitary and segmental 
defects of the acetabulum.  
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Mid-term clinical results of 27 primary reconstructions in 21 patients with 
secondary osteoarthritis due to congenital dysplasia of the hip (CDH) were 
described in Chapter 2. Clinical results were satisfying with a significant relief 
of pain and restoration of hip joint function postoperatively. The probability of 
cup survival was 96% for primary reconstructions at 5 and 10 years follow-up 
with revision for any reason as an endpoint. Few lytic signs were seen at 
radiological review. The results were similar to mid-term results with the bone 
impaction grafting technique in primary and revision arthroplasty. The results 
were in agreement with mid-term results from reconstructions with structural 
bone grafts in patients with secondary osteoarthritis due to CDH11,16,25.  
Long-term results indicate the true value of any reconstructive technique. 
Long-term clinical results of revision surgery of failed acetabular cups were 
described in Chapter 3. Clinical results of 61 acetabular reconstructions with 
bone impaction grafting were very satisfying. The failure mechanism of the 
reconstructions with bone impaction grafting was predictable. Similar to 
primary THA aseptic loosening was the main reason for failure. The 
cumulative survival of the cups with aseptic loosening as endpoint was 96% 
at ten years follow-up and 84% at 15 years follow-up. Four additional cups 
were re-revised for infection (2 cups), matching problems (1 cup) and wear of 
the cup (1 cup). The massive resorption of the grafts with failure of the 
reconstruction on the long term as seen in reconstruction with solid allografts 
was not observed. Radiological signs proceeded clinical symptoms in all 
failures but one. Most hips showed a stable radiological appearance, even 
after 20 years of follow-up.  
Massive, structural allografts17 are also used for repair of bone defects in the 
acetabulum. However, the incorporation process of massive allografts is 
limited. Incorporation up to 2-4 mm of the structural allografts was reported 
in literature10. Large areas of the grafts remain unrevascularized and 
unremodelled for many years, as the structural allografts are too large to 
allow for complete revascularization from the host bone10,14. Avascular and 
unremodelled bone can maintain the mechanical strength2. Mid-term clinical 
results with structural acetabular grafts were satisfying when less than 40% 
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of the newly created acetabulum was covered by graft. However, fatigue 
fractures due to stress accumulation may occur in avascular bone. Resorption 
of the necrotic structural graft after revascularization from the fracture sites 
may lead to failure on the long-term10. The clinically reported high incidence 
of radiolucent lines in radiological follow-up and loosening after long-term 
follow-up of reconstructions with structural grafts are worrying in this view35. 
Modular implants and additional rings or cages can restore hip biomechanics 
with a stable implant, but will not reconstruct normal anatomy in a biological 
way. This will have implications for the possibilities of revision in the future, 
as loosening of these implants may lead to progressive bone stock 
deficiencies. Especially in young patients caution is warranted in choosing 
these reconstruction techniques. 
 
2. To develop an artificial preclinical acetabular test model and to 
evaluate factors that influence cup stability in an attempt to 
facilitate the procedure without compromising the clinical 
outcome on the long-term. 
The bone impaction grafting technique is demanding. Satisfying long-term 
results were obtained with a technique of firm impaction using metal 
impactors and a hammer of relatively large-sized trabecular bone grafts 
nibbled by hand. Modifications of the original technique are considered to 
allow for an easier surgical handling and to shorten operation time. 
Modifications should be tested carefully before introducing them into clinical 
practice replacing a successful technique.  
In Chapter 4 the effect of bone graft particle size on initial cup stability was 
studied in a human cadaveric pelvic bones model. Cadaveric pelvic bones 
were expensive and difficult to obtain. Moreover, the pelvic bones were 
difficult to handle during the experiments. In order to improve reproducibility 
and handling an artificial acetabulum test model was introduced in Chapter 4.  
These models have an unlimited availability. The artificial model was realistic 
with normal acetabular dimensions. A more critical loading regime, including 
rotational forces could be applied in this model. Stability results in human 
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cadaveric pelvic bones and the artificial model showed a similar pattern. We 
regarded the artificial model presented in this thesis as an adequate testing 
model for assessment of the initial stability of acetabular cups. 
Initial stability of acetabular cups is an important predictive factor in the long-
term survival21,30,32. High early migration rates are associated with early 
failure on the long term. The gold standard for stability tests is the Roentgen 
Stereophotogrammetric Analysis (RSA). Three dimensional migration and 
rotation can be calculated with high accuracy. Although exact migration limits 
of bone impaction grafting with RSA are not defined, total migration should 
preferably be as small as possible21. 
The use of bone mills as alternative for the elaborate nibbling of the grafts 
and an alternative impaction method were tested in the artificial model 
(Chapter 4). Bone mills are used for producing bone grafts on the femoral 
side. The use of bone mills seems an attractive alternative for the exhaustive 
nibbling of the femoral heads in acetabular surgery. This might lead to a 
shortening of operation time. Unfortunately, most bone mills produce grafts 
with a considerably smaller size. In Chapter 4 it was shown that the obtained 
initial stability with small bone grafts was significantly smaller than the 
reconstruction with large bone grafts. Bone mills should provide acetabular 
blades that create large bone grafts (about 1 cm3) if they want to be of use in 
acetabular reconstructions. Some surgeons use an impaction method with the 
acetabular reamer en reverse and manual compression on the reamer. In 
Chapter 4 it was shown that this adversely affects initial cup stability. As this 
impaction technique is especially used in combination with small bone grafts, 
we do not consider this an adequate reconstruction technique. Acetabular 
reconstruction should be performed with firm impaction using metal impactors 
and a mallet of large-sized bone grafts to allow for an optimal initial stability 
of the cup. Other factors that may increase the stability of acetabular cups 
include rinsing of the bone grafts before impaction6,39. Recent studies have 
shown that pulse lavage cleaning of bone grafts can be done without 
compromising the incorporation process of the grafts4. 
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3. To mechanically test synthetic biomaterial particles as an 
alternative for human bone grafts in bone impaction grafting. 
Biomaterials are introduced in current orthopaedics to overcome problems 
with availability of human bone and risks of virus transfer when using 
allografts. Calciumphosphate-based materials such as tricalciumphosphate 
(TCP) and hydroxyapatite (HA) have a proven biocompatibility15,40. TCP and 
HA are osteoconductive materials with a wide range of applications. In 
Chapter 5 and 6 tricalciumphosphate-hydroxyapatite (TCP/HA) particles were 
tested as alternative materials in bone impaction grafting. Reconstructions 
with TCP/HA particles and mixes of TCP/HA particles and human bone grafts 
resulted in high initial cup stability both in the reconstruction of cavitary 
(Chapter 5) and combined cavitary and segmental defects (Chapter 6). 
However, the stability was mainly based on a high amount of cement 
penetration throughout the reconstruction. Reconstructions with a large 
amount of cement are associated with inferior clinical results. The grafts will 
not revascularize from the host bone if they are embedded in a cement 
mantle. Incorporation of the grafts will be hampered. Therefore, pure TCP/HA 
particles are not considered an adequate bone graft substitute. Mixtures of 
TCP/HA particles and human bone grafts showed a high stability with limited 
cement penetration. Especially in the reconstruction of large bone defect 
TCP/HA particles seem an attractive bone graft extender. Future studies are 
required to show if incorporation of the grafts in these mixes and wear 
products from TCP/HA degradation will be similar to bone grafts alone. 
 
4. To understand the high rate of complications reported in clinical 
papers with bone impaction grafting on the femoral side from a 
biomechanical and histological view. 
On the femoral side, bone impaction grafting and cemented stem placement 
have been used since 1987 with promising mid-term results1,8,12,22,27. 
However, some authors report a high incidence of complications, especially 
when the technique is used in combination with segmental defects5,7,23,28,31. 
Most reported complications are high subsidence rates and peri-prosthetic 
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fractures. The reason for the high number of complications is poorly 
understood. High early subsidence rates are associated with an early failure of 
the implant20. However, both the Exeter stem design and the bone impaction 
grafting technique allow for an early subsidence of the stem. Creeping of the 
cement allows for subsidence of the double tapered polished stem within the 
cement mantle. Loading of a reconstructed femur with impacted bone grafts 
may result in an additional impaction of the bone grafts. RSA studies have 
shown that subsidence in the first post-operative year might be high without 
early loosening of the stem in reconstructions with bone impaction grafting 
and a cemented stem21. The stems seem to stabilize after one year. High 
subsidence rates after 1 to 2 years follow-up probably will lead to failure of 
the implant. 
A deficient calcar region is frequently encountered in revision surgery. The 
presence of a deficient cortical wall is associated with more complications. In 
Chapter 7 it was shown that the presence of a medial segmental defect 
reduces initial stem stability after intramedullary impaction grafting of the 
femur. All femora with a segmental defect failed during testing and defect 
reconstruction was required to prevent from failure. Unreconstructed cortical 
wall defects may be an important reason for failures in clinical papers 
presented during the last years. Originally, the bone impaction grafting 
technique was used in combination with metal meshes in cases of a deficient 
cortical wall13. Another option is to reconstruct segmental defects with a 
cortical strut graft9,18. Metal meshes and cortical struts were equally effective 
in creating a stable stem construction in combination with bone impaction 
grafting and a cemented stem. Reconstruction with metal meshes showed 
reproducible results. Segmental defect reconstruction with a cortical strut 
showed unpredictable stability results. From a biomechanical view, the use of 
a metal mesh seemed favorable, especially in cases when a tight fit between 
host femur and the strut is difficult to obtain. However, the initial stability of 
the cemented stem in both reconstruction methods was significantly lower in 
comparison to impaction grafting in an intact femur.  
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Graft union is an important first step towards bone incorporation on the long-
term. Blood vessels and fibrous tissue from the host penetrate the impacted 
graft. Revascularization of the impacted graft was smaller after medial defect 
reconstruction with a cortical strut in comparison to an open wire mesh after 
6 weeks follow-up in an in vivo goat study as described in Chapter 8. Tägil 
and Aspenberg37 suggested on the base of a bone chamber study that a 
firmly impacted bone graft armoured by ingrowth of fibrous tissue could act 
as a composite with the bone cement and prosthesis that could maintain 
mechanical strength during the remodelling period. At this point, it remains 
controversial if the mechanical strength of such a composite will remain 
strong enough to withstand forces on the long-term. A high incidence of peri-
prosthetic fractures (5/15 reconstructions) was found in Chapter 8. The use of 
a long stem and a regime of non-weight bearing seem indicated for any case 
in which bone impaction grafting is performed in femora with an extensive 
medial cortical wall defect. Segmental defect reconstruction is required and 
should be performed with a metal mesh as it allows for higher 
revascularization rates of the impacted bone grafts after surgery. 
Long-term clinical results in femoral impaction grafting will depend on 
histological and mechanical factors. Bone graft incorporation was reported in 
animal studies34. However, graft incorporation was incomplete in human 
retrieval studies25,26,29,38, even in well-functioning patients25. Under the metal 
mesh, the cortical wall regenerated. Beneath the cortical bone, viable bone 
and fibrous tissue were seen in an interface zone. Necrotic graft remnants 
were present near the bone cement years after surgery. However, most 
femoral human retrievals were cases with presence of a segmental defect. A 
metal mesh was used to reconstruct the cortical wall defect. Results in 
Chapter 8 indicated that new bone formation was reduced in goat femora 
with a medial segmental defect in contrast to bone impaction grafting in an 
intact femur34. Impaired vascularity, especially the loss of the periosteum in 
cases with a deficient cortical wall may be an important factor for the 
incomplete incorporation found in the human retrievals. In this view, 
histological data from human retrievals of impaction grafting in an intact 
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femur with an intact vascularity seem interesting. We believe that 
incorporation of impacted bone grafts is an important factor in the long-term 
clinical outcome3,19,33. 
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FUTURE RESEARCH 
The bone impaction grafting technique can be safely used in clinical practice. 
We would like to persuade other clinics to perform reconstructions with 
impacted morsellized bone grafts and a cemented implant and to present 
their clinical data in literature. A presentation of clinical results by various 
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clinics will show any pitfall or benefit of the bone impaction grafting technique 
more clearly.  
An early recognition of failure or improvement, preferably pre-clinically, will 
enhance the clinical outcome of the technique. Pre-clinical testing in realistic 
models and computerized testing of simulated reconstructions will lead to a 
controlled and safe introduction of modifications in clinical practice. 
Furthermore, it is important to set up a national registration system for clinical 
follow-up at short-term, mid-term and long-term follow-up. RSA in a clinical 
setting will allow for an accurate control of any modification with bone 
impaction grafting at an early stage. Exact upper migration limits should be 
defined to indicate what amount of migration in the first postoperative year 
can be accepted. The extend of bone defects that can be reconstructed with 
impacted trabecular bone grafts should be defined. On the acetabular side, 
closure of large defects with metal meshes is possible and the acetabular 
vascularity seems very forgiving in still being able to vitalize the grafts layer. 
Reconstructions of very large defects on the acetabular side might be possible 
with this technique.  
More problems are encountered on the femoral side as mentioned in this 
thesis. An important factor seems to be the impaired vascularity in the 
deficient femur. A better knowledge of the exact biology of the incorporation 
process, also in the intact femur, seems interesting in this view. The role of 
bioactive proteins is under current investigation and may eventually lead to 
the possibility to influence the incorporation process in patients. Also in the 
incorporation of synthetic materials with no osteoinductive properties, these 
proteins may play an important role in the future. 
The operation sets should be optimized for a better control of the impaction 
technique. A serious concern has been the large variation in thickness of 
cement mantles around the prostheses mentioned in literature. All operation 
sets should provide instruments that will finally result in a reproducible 
cement mantle with sufficient thickness. It remains unclear at this point if 
controlling the grade of impaction is of concern with the bone impaction 
grafting technique. In theory, a more rigid impaction may improve stability. 
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On the other hand, it may interfere with the ingrowth of blood vessels and 
fibrous tissue or may cause a high incidence of per-operative fractures during 
impaction.  
Both in the acetabulum and femur shear forces play an important role, which 
were not tested in this thesis. The models as presented in this thesis may be 
adequately adjusted for this purpose. Also the issue of rinsing of bone grafts 
seems interesting for further research. Processing of bone other than freeze-
drying will have implications on the mechanical strength of the grafts. 
Weakening through radiation in new protocols to prevent transfer of disease 
in allogeneic materials is a point of concern. 
A better alternative to the point of virus transfer and also the limited amount 
of human bone is the prolonged search for an adequate synthetic bone graft 
substitute. In the current set-up the TCP/HA particles seem an attractive bone 
graft extender in a 50%-50% mix with human bone. The incorporation 
process and degradation in vivo with resulting wear products of the TCP/HA 
particles should be investigated. Every effort should be made to limit the 
amount of cement penetration in the reconstructions with pure TCP/HA 
particles. The addition of an impactable material as an interparticle space 
filler, sealing off of the TCP/HA grafts layer by a thin layer of cement or bone 
grafts should be considered for this purpose. 
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SAMENVATTING 
De totale heupprothese (THP) is één van de meest succesvolle medische 
interventies van de afgelopen decennia. Het is een kosteneffectieve ingreep 
gebleken met zeer goede klinische resultaten. Het hoge succespercentage van 
de totale heupvervanging heeft geleid tot een enorme toename van het 
aantal plaatsingen van een THP. Ook zijn de indicaties om een prothese te 
plaatsen uitgebreid. Meer ingewikkelde problematiek bij jongere patiënten 
wordt nu behandeld met een THP. Botdefecten als gevolg van een primaire 
heupaandoening, die ontstaan gedurende het loslatingproces van een THP of 
tijdens het verwijderen van een gefaalde prothese component, komen vaak 
voor. Een grote uitdaging in de huidige heupchirurgie is hoe om te gaan met 
de defecten die aangetroffen worden tijdens primaire en revisie 
heupchirurgie. 
De botimpactie techniek wordt klinisch toegepast aan de acetabulaire zijde 
sinds 1979 en aan de femorale zijde sinds 1987 met goede klinische 
resultaten. Het doel van deze techniek is om de botdefecten te reconstrueren 
op het anatomische heupcentrum met stevig geïmpacteerde botsnippers in 
combinatie met een gecementeerde prothese. Het gastbot levert bloedvaten 
en levende botcellen, die de graft kunnen penetreren. Osteoclasten breken de 
graftresten af en osteoblasten zullen nieuw bot aanmaken. Remodellering van 
het nieuw gevormde bot zal uiteindelijk leiden tot een biologisch herstel van 
het botdefect in de jaren na de operatie. Het graft incorporatie proces is een 
multifactorieel proces en zowel graft- als gastfactoren hebben een invloed op 
dit proces. Het effect van diverse factoren wordt onderzocht en zal tot een 
beter begrip van het incorporatieproces moeten leiden in de toekomst. 
In dit proefschrift werd aangetoond dat bevredigende klinische resultaten 
behaald kunnen worden met de botimpactie techniek bij primaire en 
gereviseerde acetabulaire reconstructies (Hoofdstukken 2 en 3). Stevige 
impactie van relatief grote botchips is noodzakelijk voor een optimale 
stabiliteit van de cup (Hoofdstuk 4). Vanwege een wereldwijd tekort aan 
humaan bot en het risico op virusoverdracht wordt gezocht naar alternatieve 
materialen voor humaan bot. De introductie van tricalciumfosfaat-
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hydroxyapatiet (TCP/HA) partikels als botvervangers in acetabulaire 
reconstructies met de botimpactie techniek wordt echter niet aangeraden 
vanwege de uitgebreide cementpenetratie in deze reconstructies (Hoofdstuk 
5). Vanuit een biomechanisch oogpunt lijkt een mix van TCP/HA partikels en 
botgrafts wel aantrekkelijk om de hoeveelheid bot dat nodig is in de 
reconstructies te verminderen en de initiële stabiliteit van de cup te 
verbeteren (Hoofdstuk 6). 
Aan de femorale zijde gaat de botimpactie techniek gepaard met meer 
complicaties. De aanwezigheid van een mediaal wanddefect vermindert de 
initiële stabiliteit van de steel wanneer de botimpactie techniek wordt 
toegepast (Hoofdstuk 7). De combinatie van een verminderde stabiliteit, zelfs 
na reconstructie, en een necrotische cortex met slechte revascularisatie van 
de geïmpacteerde botgrafts in het femur lijkt een verklaring voor het hogere 
aantal complicaties dat wordt beschreven in de literatuur. In vergelijking met 
het herstellen van het defect met een corticale strut, resulteerde het 
herstellen van een dergelijk defect met een metalen mesh in een meer 
reproduceerbare stabiliteit van de reconstructie met een hoger percentage 
van gerevasculariseerde grafts achter de reconstructie (Hoofdstukken 7 en 8). 
Bij femorale reconstructies met een mediaal wanddefect wordt geadviseerd 
om dit defect te reconstrueren met een metalen mesh en om ‘long-stem’ 
prothesen te gebruiken om zwakke plekken in het femur te overbruggen. Na 
de ingreep zou een periode van gelimiteerde belasting op de reconstructie 
toegepast moeten worden. 
 
ALGEMENE DISCUSSIE 
In antwoord op de doelen van dit proefschrift zoals die zijn geformuleerd in 
Hoofdstuk 1: 
1. Om de klinische en radiologische resultaten te beschrijven van 
patiënten die zijn behandeld met de botimpactie techniek. 
De werkelijke waarde van een reconstructieve techniek in het klinisch 
handelen is afhankelijk van de klinische en radiologische resultaten. In dit 
proefschrift worden de resultaten beschreven van reconstructies met de 
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botimpactie techniek aan de acetabulaire zijde36 in primaire (Hoofdstuk 2) en 
gereviseerde (Hoofdstuk 3) reconstructies. De botimpactie techniek is een 
veilige en geschikte techniek om botdefecten van het acetabulum te 
herstellen. In onze opinie kan de botimpactie techniek worden toegepast voor 
alle cavitaire en gecombineerde cavitaire en segmentale defecten van het 
acetabulum. 
In Hoofdstuk 2 worden de mid-termijn klinische resultaten beschreven van 27 
acetabulaire reconstructies bij 21 patiënten met secundaire arthrose als 
gevolg van congenitale heupdysplasie (CHD). De klinische resultaten waren 
bevredigend met een significante verbetering van de pijnklachten en functie 
van de heup na de ingreep. De cumulatieve overleving van de cup voor 
primaire reconstructies was 96% op het 5 en 10 jaar interval met revisie voor 
elke reden als eindpunt. Er werden weinig lytische tekenen gezien bij de 
radiologische follow-up. De resultaten waren vergelijkbaar met mid-termijn 
resultaten van de botimpactie techniek bij primaire en gereviseerde 
heupvervangingen. De resultaten kwamen overeen met de mid-termijn 
resultaten van reconstructies met structurele grafts bij patiënten met 
secundaire arthrose als gevolg van CHD11,16,25. 
Lange-termijn resultaten geven de werkelijke waarde aan van elke 
reconstructieve techniek. In Hoofdstuk 3 worden de lange-termijn klinische 
resultaten beschreven van gereviseerde acetabulaire cups. De klinische 
resultaten van 61 acetabulaire reconstructies met de botimpactie techniek 
waren zeer overtuigend. Het faalmechanisme van de reconstructies met de 
botimpactie techniek was voorspelbaar. Aseptische loslating was de 
belangrijkste reden voor falen net als bij primaire protheseplaatsing. De 
cumulatieve overleving van de cups met aseptische loslating als eindpunt was 
96% op het 10 jaar interval en 84% op het 15 jaar interval. Er werden tijdens 
de follow-up 4 extra cups gerereviseerd wegens infectie (2 cups), problemen 
in de ‘matching’ (1 cup) en slijtage van de cup (1 cup). De massale resorptie 
van botgrafts zoals die wordt beschreven in de lange-termijn follow-up van 
solide grafts werd niet gevonden. Radiologische tekenen gingen vooraf aan 
klinische symptomen in alle gefaalde reconstructies, een uitgezonderd. De 
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meeste heupen toonden een stabiel radiologisch beeld, zelfs na 20 jaar 
follow-up. 
Massieve, structurele botgrafts17 worden eveneens toegepast om botdefecten 
van het acetabulum te reconstrueren. Het incorporatieproces van massieve 
allografts is echter gelimiteerd. Incorporatie van de structurele grafts van 2-4 
mm wordt beschreven in literatuur10. Revascularisatie en remodellering treden 
niet op in grote gebieden van de graft gedurende vele jaren, omdat de 
structurele grafts te groot zijn om volledige revascularisatie vanuit het gastbot 
toe te laten10,14. Avasculair en niet-geremodelleerd bot kan de mechanische 
kracht handhaven2. De mid-termijn klinische resultaten van reconstructies 
met structurele acetabulaire grafts waren bevredigend wanneer minder dan 
40% van het nieuw gecreëerde acetabulum werd gevormd door de graft. Een 
proces van ophopen van spanning kan echter leiden tot 
vermoeidheidsfracturen in avasculair bot. Resorptie van de necrotische 
structurele graft na revascularisatie vanuit het fractuurgebied kan leiden tot 
falen van de reconstructie op de lange-termijn10. De hoge incidentie van 
radiolucente lijnen in de radiologische follow-up en loslatingen op de lange-
termijn van reconstructies met structurele grafts is zorgwekkend vanuit dit 
oogpunt35. 
Modulaire implantaten en additionele ringen of kooien kunnen eveneens de 
biomechanica van de heup herstellen met een stabiel implantaat, maar 
leveren geen biologische reconstructie van de normale anatomie. Dit zal 
gevolgen hebben voor de mogelijkheden voor revisie in de toekomst, 
aangezien loslating van deze reconstructies zal leiden tot progressief 
botverlies. Vooral bij jonge patiënten moet men voorzichtig zijn om deze 
reconstructie technieken te kiezen. 
 
2. Om een artificieel pre-klinisch acetabulair testmodel te 
ontwikkelen en factoren die de stabiliteit van de cup beïnvloeden 
te evalueren in een poging de procedure te vergemakkelijken 
zonder de klinische resultaten op de lange termijn te 
verminderen. 
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De botimpactie techniek is bewerkelijk. Bevredigende lange-termijn resultaten 
werden behaald met een techniek van stevige impactie door middel van 
metalen impactors en een hamer van relatief grote snippers, die met de hand 
worden geknabbeld. In een poging om de techniek te vergemakkelijken en 
operatietijd te reduceren, worden aanpassingen van de originele techniek 
overwogen. Iedere aanpassing moet uitvoerig getest worden voordat het 
geïntroduceerd wordt als vervanging van een succesvolle techniek in de 
klinische praktijk. 
In Hoofdstuk 4 werd het effect van de grootte van de snippers op de initiële 
stabiliteit van de cup getest in een humaan kadaverbekken model. 
Kadaverbekkens waren duur en moeilijk verkrijgbaar. Bovendien waren de 
bekkenmodellen moeilijk te hanteren gedurende de experimenten. Om de 
reproduceerbaarheid en hanteerbaarheid te verbeteren werd in Hoofdstuk 4 
een artificieel acetabulair testmodel geïntroduceerd. Dit model heeft een 
ongelimiteerde beschikbaarheid. Het artificiële model is realistisch met 
normale acetabulaire verhoudingen. Een meer kritisch belastingsregime 
inclusief rotatiekrachten kunnen toegepast worden in dit model. 
Stabiliteitsresultaten in het humane kadaverbekken model en het artificiële 
model lieten een vergelijkbaar patroon zien. Wij beschouwen het artificiële 
model zoals die gepresenteerd wordt in dit proefschrift als een geschikt 
testmodel om de initiële stabiliteit van acetabulaire cups te bepalen. 
De initiële stabiliteit is een belangrijke voorspellende factor in de lange termijn 
overleving van een prothese21,30,32. Een hoge, vroege migratie is geassocieerd 
met sneller falen op de lange termijn. De gouden standaard om de stabiliteit 
te testen is de “Röntgen Stereophotogrammetrische Analyse” (RSA). 
Driedimensionale migratie en rotatie kunnen worden berekend met een hoge 
nauwkeurigheid. Hoewel exacte migratielimieten van de botimpactie techniek 
met RSA niet gedefinieerd zijn, moet de totale migratie bij voorkeur zo klein 
mogelijk zijn21. 
Het gebruik van botmolens als alternatief voor het bewerkelijke knabbelen 
van de graft en een alternatieve impactie methode werden getest in het 
artificiële model (Hoofdstuk 4). Botmolens worden gebruikt om botgrafts aan 
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de femorale zijde te produceren. Het gebruik van de botmolens lijkt een 
aantrekkelijk alternatief voor het uitputtende knabbelen van femurkoppen bij 
acetabulaire chirurgie. Dit zou kunnen leiden tot een verkorting van de 
operatietijd. Helaas produceren de meeste botmolens grafts met een 
aanzienlijk kleinere afmeting. In Hoofdstuk 4 werd aangetoond dat de initiële 
stabiliteit na reconstructie met kleine grafts significant lager was dan 
reconstructie met grote grafts. Botmolens zouden geleverd moeten worden 
met acetabulaire bladen die grote grafts produceren (ongeveer 1 cm3) indien 
ze van toepassing kunnen zijn bij acetabulaire reconstructies. Sommige 
chirurgen gebruiken een impactie techniek waarbij de botsnippers worden 
geïmpacteerd door middel van een acetabulaire reamer die in tegengestelde 
richting draait en manuele compressie op de reamer. Hoofdstuk 4 werd 
aangetoond dat dit een negatief effect had op de initiële stabiliteit van de 
cup. Aangezien deze impactie techniek vaak wordt toegepast in combinatie 
met kleine botgrafts, beschouwen wij dit niet als een geschikte reconstructie 
techniek. Acetabulaire reconstructies moeten gedaan worden met stevige 
impactie door middel van een hamer en metalen impactors van grote 
botsnippers om een optimale stabiliteit van de acetabulaire cup te verkrijgen. 
Het wassen van de snippers voor impactie kan eveneens de stabiliteit van de 
acetabulaire cup verhogen 6,39. Recente studies hebben aangetoond dat het 
wassen van de snippers met pulse lavage toegepast kan worden zonder dat 
het incorporatie proces in gevaar gebracht wordt4. 
 
3. Om synthetische biomateriaalpartikels te testen als alternatief 
voor humane botsnippers in de botimpactie techniek. 
Dankzij een wereldwijde gelimiteerde beschikbaarheid van humaan bot en het 
risico van virusoverdracht bij het gebruik van allogeen bot, worden 
biomaterialen geïntroduceerd. Calciumfosfaatgebaseerde materialen zoals 
tricalciumfosfaat (TCP) en hydroxyapatiet (HA) hebben een bewezen 
biocompatibiliteit15,40. TCP en HA zijn osteoconductieve materialen met een 
uitgebreide toepassing. In Hoofdstukken 5 en 6 werden tricalciumfosfaat-
hydroxyapatiet (TCP/HA) partikels getest als alternatieve materialen in de 
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botimpactie techniek. Reconstructies met TCP/HA partikels en mixen van 
TCP/HA partikels en humane botsnippers resulteerde in een hoge initiële 
stabiliteit van de cup zowel in cavitaire (Hoofdstuk 5) als gecombineerde 
cavitaire en segmentale defecten (Hoofdstuk 6). De stabiliteit was echter 
voornamelijk gebaseerd op een uitgebreide cementpenetratie binnenin de 
reconstructie. Reconstructies met een hoge cementpenetratie zijn 
geassocieerd met inferieure klinische resultaten. De botsnippers kunnen niet 
gerevasculariseerd worden vanuit het gastbot indien ze ingesloten liggen in 
het botcement. Incorporatie van de botsnippers wordt belemmerd. Pure 
TCP/HA partikels werden niet beschouwd als een goede vervanger voor de 
botsnippers. Mixen van TCP/HA partikels met botsnippers lieten een hoge 
stabiliteit zien met een gelimiteerde cementpenetratie. TCP/HA partikels lijken 
een aantrekkelijke uitbreiding in een mix met de botsnippers vooral om grote 
defecten van het acetabulum te reconstrueren. Toekomstige studies moeten 
aantonen of de incorporatie van de partikels in deze mix en de 
degradatieproducten gelijk zijn aan die van de botsnippers alleen.  
 
4. Om het hoge aantal complicaties dat wordt gemeld in de 
literatuur te begrijpen wanneer de botimpactie techniek wordt 
toegepast aan de femorale zijde vanuit een biomechanisch en 
histologisch oogpunt.  
De botimpactie techniek in combinatie met een gecementeerde steel wordt 
aan de femorale zijde toegepast sinds 1987 met bevredigende mid-termijn 
resultaten1,8,12,22,27. Sommige auteurs melden echter een hogere incidentie 
van complicaties, vooral wanneer de techniek wordt toegepast in combinatie 
met segmentale defecten5,7,23,28,31. De meest frequent gerapporteerde 
complicaties zijn een hoge mate van inzakken van de steel en peri-
prosthetische fracturen. De reden voor de hoge incidentie van complicaties 
aan de femorale zijde is onvoldoende opgeklaard. Een hoge, vroege migratie 
van de steel is geassocieerd met een vroeg falen van de steel20. De design 
van de Exeter steel en de botimpactie techniek kunnen echter een hoger 
inzakken van de steel toelaten. Kruipen van het cement staat het inzakken 
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van de dubbel taps toelopende en gepolijste steel binnenin de cementmantel 
toe. Het belasten van een reconstructie met geïmpacteerde snippers kan een 
additionele impactie van de snippers geven met wat verplaatsing als gevolg. 
RSA studies hebben aangetoond dat een hoge migratie van de steel in het 
eerste jaar na de ingreep mogelijk is zonder vroege loslating van de steel bij 
reconstructies met de botimpactie techniek in combinatie met een 
gecementeerde steel21. De stelen lijken te stabiliseren na 1 jaar. Hoge 
inzakking, die optreedt na 1-2 jaar zal vermoedelijk leiden tot falen van de 
reconstructie. 
Bij revisie chirurgie wordt frequent een deficiënt gebied aan de mediale zijde 
van het femur aangetroffen. De aanwezigheid van een corticaal wanddefect is 
geassocieerd met meer complicaties. In Hoofdstuk 7 werd aangetoond dat 
een mediaal corticaal defect de initiële stabiliteit van de steel reduceert 
wanneer de botimpactie techniek werd toegepast in het femur. Alle femora 
met het segmentale defect faalden tijdens de tests en reconstructie van het 
mediale defect was noodzakelijk om falen te voorkomen. Niet-
gereconstrueerde corticale wanddefecten zijn mogelijk een belangrijke reden 
voor de hoge incidentie van falen in de literatuur van de afgelopen jaren. De 
botimpactie techniek werd oorspronkelijk toegepast met een metalen ‘mesh’ 
om defecten van de femurwand te verstevigen13. Een andere optie is het 
gebruik van een corticale ‘strut’9,18. In combinatie met de botimpactie 
techniek resulteerde de reconstructie van een mediaal segmentaal defect met 
een metalen ‘mesh’ of corticale ‘strut’ in een vergelijkbare stabiliteit. 
Reconstructie met een metalen ‘mesh’ liet meer reproduceerbare resultaten 
zien. Reconstructie van het segmentale defect met een corticale ‘strut’ was 
onvoorspelbaar. Vanuit een biomechanisch oogpunt lijkt het gebruik van een 
metalen ‘mesh’ gunstiger, in het bijzonder wanneer een goede passing tussen 
‘strut’ en gastbot moeilijk te verkrijgen is. De initiële stabiliteit van de 
gecementeerde steel was met beide reconstructietechnieken echter lager in 
vergelijking met de botimpactie techniek in een intact femur. 
Het incorporatie proces van de botsnippers op de lange-termijn begint met 
het vastgroeien van de botsnippers. Bloedvaten en bindweefsel van de gast 
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penetreren de geïmpacteerde botsnippers. De revascularisatie van de 
geïmpacteerde graft was minder nadat een mediaal segmentaal defect was 
gereconstrueerd met een corticale ‘strut’ in vergelijking met een open metalen 
‘mesh’ na 6 weken follow-up in een in vivo geitenstudie (Hoofdstuk 8). Tägil 
en Aspenberg37 suggereerden op basis van een botkamerstudie dat een stevig 
geïmpacteerde graft, verstevigd door ingroei van bindweefsel als een 
composiet kan werken met botcement en prothese om de mechanische 
stabiliteit te bewaren tijdens het remodelleringsproces van de botgrafts. Op 
dit ogenblik blijft het nog controversieel of de mechanische kracht van een 
dergelijk composiet hoog genoeg is om krachten over een lange termijn te 
weerstaan. Een hoge incidentie van peri-prosthetische fracturen (5/15 
reconstructies) werd gevonden in Hoofdstuk 8. Het gebruik van een ‘long 
stem’ implantaat en een regime van gelimiteerde belasting lijkt geïndiceerd 
voor ieder geval waarin de botimpactie techniek wordt gebruikt in femora met 
een uitgebreid corticaal defect van de mediale wand. Reconstructie van een 
corticaal defect is noodzakelijk en moet toegepast worden met een metalen 
‘mesh’, aangezien dit resulteert in een betere revascularisatie van de 
onderliggende geïmpacteerde botsnippers na de ingreep. 
De lange-termijn klinische resultaten van femorale botimpactie hangt af van 
histologische en mechanische factoren. Botgraft incorporatie werd beschreven 
in dierenstudies34. De incorporatie van de botsnippers in humane retrieval 
studies was echter incompleet25,26,29,38, zelfs in goed functionerende 
reconstructies25. Onder de metalen ‘mesh’ regenereerde de corticale wand. 
Onder het corticale bot werd levend bot en fibreus weefsel gevonden in een 
overgangszone. Dicht tegen het botcement werden necrotische graftresten 
aangetroffen, zelfs jaren na de ingreep. De meeste femorale retrievals waren 
echter femora met een segmentaal defect. Het corticale wanddefect was 
gereconstrueerd met een metalen ‘mesh’. De resultaten in Hoofdstuk 8 laten 
zien dat nieuwe botformatie verminderd was in geitenfemora met een mediaal 
wanddefect in tegenstelling tot botimpactie in een intact femur34. Een 
beschadigde vascularisatie van het femur, vooral het verlies van het periost in 
femora met een wanddefect, lijkt een belangrijke verklaring voor de 
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incomplete incorporatie die gevonden werd in de humane retrievals. 
Histologische gegevens van intacte femora waarin de botimpactie techniek 
werd toegepast lijken zeer interessant vanuit dit standpunt. Wij geloven dat 
de incorporatie van de geïmpacteerde botsnippers een belangrijke factor is in 
het lange-termijn resultaat3,19,33. 
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10. 3 TOEKOMSTIG ONDERZOEK: 
De botimpactie techniek kan veilig toegepast worden in de klinische praktijk. 
Wij zouden andere klinieken willen overreden om reconstructies met de 
botimpactie techniek en een gecementeerde implantaat te verrichten en om 
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hun klinische resultaten in literatuur te presenteren. De presentatie van 
klinische resultaten in de literatuur door verschillende klinieken kan valkuilen, 
maar ook de voordelen van de techniek duidelijker weergeven.  
Een vroege herkenning van falen of verbetering, bij voorkeur al in een pre-
klinische setting, zal het uiteindelijke resultaat van de techniek verbeteren. 
Pre-klinisch testen in realistische modellen en gecomputeriseerde 
berekeningen van gesimuleerde reconstructies zal leiden tot een 
gecontroleerde en veilige introductie van veranderingen in de klinische 
praktijk. Verder is het belangrijk om een nationaal registratie systeem op te 
zetten voor klinische follow-up op korte, midden en lange termijn. RSA in een 
klinische setting zal leiden tot een nauwkeurige controle van veranderingen in 
de botimpactie techniek in een vroeg stadium. Exacte migratie limieten 
moeten worden gedefinieerd om aan te geven hoeveel migratie in het eerste 
jaar na de ingreep toelaatbaar is. De omvang van botdefecten die kunnen 
worden gereconstrueerd met de botimpactie techniek moeten worden 
gedefinieerd. Aan de acetabulaire zijde is het mogelijk om grote defecten met 
een metalen ‘mesh’ te sluiten en de acetabulaire vaatvoorziening lijkt in staat 
om grote hoeveelheden botsnippers te revasculariseren. Het lijkt mogelijk om 
zeer grote defecten aan de acetabulaire zijde te reconstrueren met de 
botimpactie techniek. 
Aan de femorale zijde gaat de botimpactie techniek gepaard met meer 
problemen zoals vermeld in dit proefschrift. Een belangrijke factor in dit 
geheel lijkt de beschadigde vascularisatie in het verzwakte femur. Een betere 
kennis van de exacte biologie van het incorporatie proces, vooral ook in het 
intacte femur, is van belang in dit oogpunt. De rol van bioactieve eiwitten 
wordt onderzocht zou uiteindelijk kunnen leiden tot de mogelijkheid om het 
incorporatie proces in de patiënt te beïnvloeden. Eveneens zouden deze 
eiwitten in de toekomst een belangrijke rol kunnen spelen bij de incorporatie 
van synthetische materialen, die geen osteoinductieve eigenschappen 
bezitten.  
De operatiesets moeten worden geoptimaliseerd om de botimpactie techniek 
verder te controleren. De hoge variatie in de dikte van de cementmantels 
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rondom de prothesen zoals die wordt gemeld in de literatuur, is een serieuze 
reden voor zorg. Alle operatiesets moeten uitgerust zijn met instrumenten die 
een reproduceerbare cementmantel leveren van voldoende dikte. Op dit 
moment blijft het onduidelijk of de impactiegraad een rol speelt bij de 
botimpactie techniek. In theorie zou een stevigere impactie kunnen leiden tot 
een verhoging van de stabiliteit. Aan de andere kant kan een stevige impactie 
interfereren met de ingroei van bloedvaten en fibreus weefsel en de stevige 
impactie zou kunnen leiden tot een hogere incidentie van perioperatieve 
fracturen.  
Zowel in het acetabulum als in het femur spelen schuifkrachten een 
belangrijke rol, welke niet werden getest in dit proefschrift. De modellen uit 
dit proefschrift kunnen op een geschikte manier worden aangepast om ook 
het effect van deze schuifkrachten te testen. Het wassen van de botsnippers 
is ook een interessant onderwerp voor nader onderzoek. Het produceren van 
bot op een andere wijze dan vriesdrogen is van invloed op de mechanische 
karakteristieken van de botsnippers. Verzwakking door bestraling in nieuwe 
protocollen om overdracht van ziekten in allogeen materiaal te minimaliseren 
is zorgwekkend. 
Een beter alternatief om virale overdracht te minimaliseren en ook om de 
gelimiteerde beschikbaarheid van humaan bot te bestrijden, is te zoeken naar 
een geschikt botvervangend materiaal. In de huidige hoedanigheid lijken de 
TCP/HA partikels geschikt als uitbreiding van humaan bot in een 50%-50% 
mix met humaan bot. Het incorporatieproces en de in vivo degradatie met 
resulterende slijtage deeltjes van deze partikels dient uitgezocht te worden. 
Daarnaast moet een verdere poging gedaan worden om de cementpenetratie 
in de reconstructies met pure TCP/HA partikels te minimaliseren. Het 
toevoegen van een impacteerbaar materiaal om de ruimte tussen de partikels 
op te vullen, het afdekken van de TCP/HA laag door een dunne laag cement 
of humaan bot zijn mogelijkheden om tot dit doel te komen. 
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